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SECTION  I 

FLOW  QUALITY  REQUIREMENTS  FOR 
THE  COMPRESSOR 
RESEARCH  FACILITY 

A.  Introduction 

The  Compressor  Research  Facility  (CRF)  consists  of  a test 
system  which  emphasizes  automated  procedures  and  data  handling  with 
the  expressed  objectives  of  enhancing  increased  testing  by  means  of 
reduced  costs.  Furthermore,  the  facility  offers  the  capability  of 
simulating  some  compressor  transients. 

The  facility  is  configured  in  the  open  loop  mode,  i.e.,  air 
is  extracted  from  the  atmosphere,  compressed,  and  then  discharged  to 
atmospheric  conditions.  In  order  to  reduce  compressor  power  require- 
ments and  simulate  flight  conditions  at  elevated  altitudes,  the 
compressor  will  be  mounted  in  a large  tank  or  test  chamber.  A 
series  of  control  valves  will  be  utilized  to  regulate  the  tank  pres- 
sure and/or  mass  flow  with  the  compressor  itself  supplying  the  ex- 
hauster capability.  This  concept  — while  offering  a minimum  cost 
approach  — poses  problems  when  compressor  cooling,  bleed,  and 
flow  quality  are  considered. 

The  compressor  cooling  air,  stability  and  bleed  air  and  seal 
leakage  are  lumped  together  in  the  auxiliary  air  system.  The  pur- 
poses of  the  auxiliary  air  system  are: 

1)  Maintain  the  temperature  of  the  test  chamber 
dead  air  space  at  levels  commensurate  with  the 
instrumentation  temperature  limits. 

2)  Provide  cooling  for  the  test  compressor  outer 
case. 

3)  Provide  a means  for  disposing  of  the  air  which  is 
bled  from  the  various  compressor  stages. 

4 ) provide  a means  for  controlling  the  compressor 
gas  path  seal  leakage  flows. 
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In  essence,  the  auxiliary  air  can  be  returned  to  the  primary 

air  inlet  system  or  to  the  atmosphere.  A block  diagram  showing 

1* 

both  these  options  is  presented  in  Figure  1.  After  considerable 

study  of  both  these  options , the  facility  contractor  elected  to 

2 

return  the  auxiliary  air  to  the  inlet  system.  The  overall  facility 
with  the  auxiliary  air  returned  to  the  inlet  is  shown  in  Figures  2 
and  3. 


The  National  Academy  of  Science  - National  Research  Council 

3 4 

Advisory  Committee  to  the  AFSC  and  subsequent  panels  felt  that 
the  transient  aerodynamic  performance  of  the  Compressor  Research 
Facility  might  be  severely  compromised  by  the  reingestion  system. 
Furthermore,  acquisition  of  data  during  compressor  transients  is  one 
of  the  major  reasons  for  constructing  the  facility  and,  thus,  this 
might  present  an  unacceptable  risk.  The  potential  dynamic  coupling 
between  the  compressor  inlet  system  and  the  compressor  stability 
bleeds  might  make  it  difficult  to  maintain  the  correct  back  pressure 
for  the  bleed  ports  as  well  as  the  correct  compressor  inlet  conditions 
Moreover,  if  the  reingested  air  differed  from  the  ambient  air  temper- 
ature, the  compressor  inlet  temperature  would  vary  temporarily  during 
a transient.  In  addition,  insufficient  mixing  could  also  result  in 
a spatially  varying  temperature  field. 

Degradation  in  flow  quality  was  also  a potential  outgrowth  of 
the  reingestion  system.  Since  recent  operational  experience  has 
shown  that  distorted  inlet  flow  can  impact  compressor  and,  thus, 
engine  performance,  a test  facility  must  be  able  to  provide  — as 
a baseline  — a high  quality  undistorted  flow.  Distortions  may  be 
either  spatially  or  time  variant  involving  parameters  such  as  the 
pressure,  temperature,  velocity  or  flow  direction.  Since  the  exis- 
ting facility  contract  did  not  incorporate  any  flow  quality  speci- 
fications, the  committees  recommended  that  specifications  be  incor- 
porated which  quantitatively  limit  the  maximum  allowable  steady 
state  and  dynamic  distortion  levels  both  within  the  test  chamber 
and  the  compressor  bellroouth.  Furthermore,  it  was  felt  that  aero  - 
dymamic  testing  was  vital  to  insure  compliance  with  the  afore- 
mentioned objectives. 
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Figure  2.  Compressor  Research  Facility  Air 
Flow  Conceptual  Formulation 


Figure  3 . Compressor  Research  Facility  Schematic  Diagram 


As  a result  of  the  recommendations,  the  AF  Aero  Propulsion 
Laboratory  initiated  a study  of  compressor  airflow  quality  require- 
ments. The  results  of  this  study  and  survey  are  reviewed  in  the 
following  sections. 

B.  Basic  Considerations 

1.  Introduction 

Flow  distortion  parameters  and/or  airflow  quality  goals 
can  be  defined  from  two  points  of  view.  Those  parameters 
affecting  compressor  performance  can  be  determined  and  the 
Compressor  Research  Facility  limited  to  lesser  values.  On 
the  other  hand,  wind  tunnel  standards  can  be  employed  and  the 
facility  flow  field  specified  as  uniform  in  an  absolute  sense. 

As  might  be  expected,  the  latter  approach  will  yield  more 
rigid  specifications  than  the  former  while  increasing  the 
facility  cost.  As  a result,  the  former  approach  was  chosen 
with  flow  quality  to  be  specified  at  values  sufficiently  low 
to  preclude  any  possible  impact  on  compressor  performance. 

Having  selected  this  approach,  the  relevant  property  and/or 
properties  must  still  be  determined  and  quantified,  i.e.,  out 
of  all  possible  combinations  of  aerodynamic  parameters  the 
property  and/or  properties  most  influencing  compressor  flow 
performance  must  be  defined.  The  survey  and  recommendation  of 
compressor  flow  distortion  parameters  will  be  presented  in  the 
following  sections. 

2.  Survey  of  Flow  Distortion  Parameters 

One  of  the  earlist  reviews  of  compressor  test  procedures 
appeared  in  1946  having  been  carried  out  by  the  NACA  Subcommittee 
on  Compressors.^  This  committee  reviewed  overall  compressor 
test  procedures  and  test  facilities  and  recommended  that  an 
inlet  tank  be  placed  in  front  of  the  compressor  even  under  at- 
mospheric operating  conditions.  The  committee  felt  that  am 
inlet  tank  would  improve  the  accuracy  of  temperature  measure- 
ments and  eliminate  flow  rotation.  Furthermore,  the  tank 
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diameter  should  be  at  least  1-1/2  times  the  compressor  dia- 
meter with  3 times  the  compressor  diameter  preferred.  A bell- 
mouth  inlet  should  be  provided  to  insure  a smooth  transition 
at  the  compressor  face  with  the  bellmouth  inlet  diameter  being 
1-1/2  to  2 compressor  diameters.  Compressor  inlet  measurements 
should  be  made  at  least  1 compressor  diameter  ahead  of  the 
bellmouth  inlet  with 


^max qa 

qa 

T - T 
max  a 

where  q denotes  the  dynamic  head,  d the  diameter  and  T 
the  total  temperature.  The  measuring  stations  are  shown  in 
Figure  4.  Moreover,  at  the  compressor  entrance  any  rotation 
should  cause  less  them  a 3°  deviation  in  the  flow  from  the 
axial  direction,  i.e., 


< 0.01  ( 


d 2 
tc. 


(1) 


< 1*F 


(2) 


e < 3°  o) 

The  method  of  determining  the  average  dynamic  head  and  total 
temperature  is  not  specified  in  reference  6 although  an  area 
averaged  value  is  probably  intended. 

The  NACA  Subcommittee  on  Compressors  felt  that  the  standards 
of  equations  1,  2,  and  3 could  be  achieved  by  utilizing  one  or 
more  reinforced  screens  and  a honeycomb  straightener  with  the 
last  screen  or  straightener  2 compressor  diameters  ahead  of 
the  bellmouth  inlet.  Moreover,  screens  with  50%  open  area  were 
found  to  produce  the  maximum  improvement  in  flow  uniformity. 

A similar  study  has  been  carried  by  the  Aerodynamics 
Subcommittee  of  the  Gas  Turbine  Collaboration  Committee  of  the 
Aeronautical  Research  Council  of  Great  Britain.  The  results 
of  this  survey  are  considerably  more  recent  and  are  reported 
in  reference  6.  In  this  reference  the  following  flow  quality 
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Figure  4.  Inlet  Measuring  Stations 


standards  are  proposed 


T - T < 1°C  (1 ,8°F)  (4) 

max  a 


and 


P - P 
max  a 


< 0.05 


where  P and  p denote  the  total  and  static  pressure  respec- 
tively and  the  subscript  a denotes  an  area-averaged  value. 
Equation  5 is  selected  over  a velocity  relationship,  e.g., 
equation  2,  since  it  appears  that  the  compressor  influences  the 
flow  upstream  such  that  the  approach  velocity  is  made  more 
uniform  and  a corresponding  static  pressure  variation  remains.7 

Note  that  the  bellmouth  contraction  is  very  effective 

8 

at  reducing  the  velocity  non-uniformity.  Prandtl  has  shown 

that  the  percentage  variation  in  kinetic  energy  is  reduced 
2 

to  1/Ar  times  its  original  value  in  passing  through  a contrac- 
tion of  area  ratio  Ar;  consequently  an  area  ratio  of  3 would 

reduce  /„  _ u )2/u  2 by  a factor  of  9. 

max  a a 


One  of  the  most  recent  documents  defining  flow  quality 

standards  has  been  published  by  the  Arnold  Engineering  Devel- 
g 

opment  Center.  These  specifications  are  directed  toward 
engine  rather  than  compressor  testing;  however,  since  the  AEDC 
standards  are  directed  toward  turbine  engine  stability  which  is 
strongly  dependent  on  compressor  surge  margin,  the  values  are 


< 0.01 


(8) 


f 


! 


* 


! 


i 


T - T , 
max  min 

T 

a 


and 


(T1)' 


max 


-i 


(T*) 


min 


< 0.01 


(9) 


are  sufficient  to  establish  baseline  performance  values. 

f=  F= 

J (P’)  and  V (T ' ) terms  denote  the  total  pressure  and  total 
tenperature  time- variant  spatial  inlet  distortion.  Note  that 
equations  6 through  9 differ  from  equations  1 through  3 and  4 
and  5 in  two  important  respects.  First,  the  steady-state  spatial 
pressure  distortion  is  non-dimensionalized  with  the  total  pressure 
rather  than  the  dynamic  head  and,  secondly,  time-dependent  stan- 
dards have  now  been  introduced. 


The  above  criteria  have  been  derived  by  considering  two 
specific  mechanisms  as  the  major  cause  of  conpressor  stall.  The 
first  theory  postulates  that  the  engine  and/or  conpressor  is 
sensitive  to  distortion  patterns  — primarily  those  that  change 
rapidly  with  time.10  The  rate  at  which  the  total  pressure  and 
total  temperature  can  change  and  still  be  sensed  by  the  rotor 
is  a function  of  the  engine  or  rotor  speed.  The  second  theory 
speculates  that  surge  margin  reduction  can  be  correlated  with 
the  root-mean-square  level  of  the  time-variant  component  of 
total  pressure  at  the  conpressor  face.  Furthermore,  the  unsteady 
flow  properties  must  be  characterized  statistically  using  the 
rms  level,  frequency  spectra,  and  correlation  properties.  The 
two  theories  can  be  generalized  as  either  frequency  or  amplitude 
dependent.11  In  either  event,  the  inequalities  of  equations  6 
through  9 will  assure  base-line  or  maximum  conpressor  surge  margin 
and  performance.  . 

In  addition  to  the  above  3 reviews,  an  in-depth  study  on 

12 

inlet  flow  quality  has  been  carried  out  by  H.  C.  Melick. 

10 


The  objective  of  this  program  was  to  establish  the  feasi- 
bility of  a concept  by  which  the  improvement  of  an  inlet  could 
be  monitored  from  the  standpoint  of  inlet  flow  quality.  Melick 
screened  24  candidate  flow  quality  definitions  and  selected 


Q = 1 - 


A!!*. 


P,  ><1* 
min 


A <3= 


(10) 


with  all  properties  defined  at  the  compressor  face.  Q is  a flow 
quality  parameter  and  is  essentially  an  area  weighted  pressure 
difference  and  can  be  related  to  the  previously  defined  para- 
meters. Equation  10  can  be  extended  to  fluctuating  flows  by 

12 

redefining  Pmin  as  a function  of  both  position  and  time,  i.e., 

P = P . (r,  0,  T,)  where  the  r dependence  is  implied  in 
min  nun 

equation  10. 

The  flow  parameter,  Q,  can  be  directly  related  to 

(P  - P . )/P  by  considering 
max  min  a 

/ ( P - P . ) dA  , /(P-P.)dA 

J A max  min  and  a a min 

/ PdA  / (P  - p)  dA 

A A 


where  the  two  expressions  are  now  recast  in  integral  form. 
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Melick  has  compared  both  of  the  above  expressions  using  the 
data  of  reference  13.  These  results  are  shown  in  Figure  5. 

The  relationship  between  the  two  parameters  is  linear  indicating 
that  either  is  an  acceptable  representation  of  flow  distortion. 

Circumferential  and  radial  distortion  factors  are  also 
currently  in  use.  The  factors  are  defined  in  terms  of  coef- 
ficients which  are  generated  by  fitting  the  measured  profiles 

14 

with  a Fourier  expansion.  The  circumferential  distortion 
factor  kg  is  defined  as 
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■ 




max"  Kmin 


(11) 
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J 

E 

j=l 


n 

2 , 
n / max 


/d  j 


(q/P) 


J 

E 

“f  j=l 


Vd. 


where  the  subscript  j denotes  the  j-th  radial  ring.  The 

coefficient  A is 
n 


where 


and 


\ =\/a  2 + b 2 n = 1 , 2 , 3 . . . 

n V n n 


46  J P/Pref<l4BI 

»„  ■ Teo  J , 77T— “*<““> 

i=l  a ref 
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Note  that  P/P  ,(iA0)  is  the  total  pressure  recovery  at  the 
ret 

angle  iA0  and  pa/pref  is  the  area  averaged  recovery. 


The  radial  distortion  factor  is  defined  in  a similar 
manner  and 

<AP)  / 1 \ 


(12) 


(13) 


(14) 


J 

E 

j=l  Paj 


2.8 


(15) 


J 
Z 
j-1 


(q/P)  ref  Z V(Aj) 
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with 


(—  \ 

Va  / j 


(P  /P  -) 
a ref 


(16) 


rp 


where  P denotes  a reference  radial  pressure  which  is  a function 
rp 

of  q/P.  The  circumferential  average  is  generated  by  integrating 


13 


over  the  variable  9 at  a constant  value  of  radius,  i.e., 

(r)  * * 4>(r,0  ) rd0  where  r « constant  (17) 

ca  2irr  0 

kQ  and  k can  be  combined  into  a distortion  factor  k by 
or 


k = kQ  + ck  (18) 

o r 

where  c is  a radial  distortion  weighting  factor. 
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Melick  has  also  compared  the  circumferential  and  radial 

distortion  factors  to  1 - Q.  These  are  similar  to  kg  and  are 

shown  in  Figure  6.  Again,  the  parameters  are  linearly  related. 

It  would  appear  that  Q,  (P  - P . )/Pa  or  k are  all  capable 

max  min 

of  adequately  representing  flow  distortion  and  its  impact  on 
turbine  engine  performance. 

During  the  course  of  the  investigations  regarding  flow 
quality  for  the  CRF,  a number  of  turbine  engine  and  airframe 
manufacturers  as  well  as  government  laboratories  were  contacted. 
The  results  of  these  visits  are  documented  in  references  15 
through  22.  A number  of  flow  quality  parameters  were  suggested 
by  the  organizations  visited.  In  general,  these  consisted  of 
the  following: 
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Figure  6.  Comparison  of  Flow  Quality 

and  Flow  Distortion  Parameters 


max 


(vi) 


\[~(ir 


) / u. 


as  well  as  kg  and  k^. 

The  flow  quality  parameters  reviewed  in  this  section  are 
summarized  in  Table  1. 


3.  Recommended  Flow  Parameters 


The  flow  quality  parameters  of  Table  1 can  be  divided  into 
steady-state  and  transient  groupings.  Furthermore,  the  variables 
can  be  subdivided  into  conserved  and  variant  groupings  — the 
former  consisting  of  the  total  temperature  and  total  pressure 
amd  the  latter  made  up  of  the  static  pressure,  dynamic  head, 
etc.  For  facility  flow  quality  standards,  a conserved  property 
offers  the  advantage  of  a fairly  restricted  range  of  values  on 
the  one  hand  while  being  somewhat  insensitive  to  velocity 
variations  on  the  other.  On  balance,  the  merits  outweigh  the 
disadvantages  and  the  total  pressure  and  total  tenperature  will 
be  used  as  measures  of  flow  quality.  Having  selected  these  flow 
properties,  a number  of  possible  definitions  can  be  chosen  as 
indicative  of  flow  variations.  In  this  regard,  it  is  felt  that 
simplicity  is  the  best  approach  and  thus  the  recommended  parameters 
are: 


T 

a 


Velocity  and/or  dynamic  head  distortion  is  also  a consideration, 
and  it  is  recommended  that  (<Jmax  ” q^^/qg,  tur^u^-ence  level 
be  employed  to  ensure  come  commonality  with  wind  tunnel  practice. 
Note  that  the  values  of  these  parameters  may  markedly  exceed 
wind  tunnel  standards. 
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TABLE  1 


FLOW  QUALITY  PARAMETERS 


Steady-State 


Time-Dependent 


qmax  ^min 


P - P . 
max  nan 


W -\  (P*)2. 


P - P 
max  a 


p. 


VP.  - p«dr.ldA 


T - T 
max  a 


The  spatially-averaged  value  of  the  property  4>  is  defined  as 


4>a  - J /A  4>(r,9)dA 

The  root-mean-square  value  of  the  property  4>  is  defined  as 

4>  „ ” ■/’T[<Hr,6,T)  - (|>(r,0)]2dT}1^2 where  <t> (r ,0)  * 7 / <Mr,0,T)dT 

rms  t x T t 

Note  that  the  subscript  max  or  min  denotes  the  spatial  and  not  the 
temporal  maximum  or  minimum  value  of  a property. 


—a 
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Measurement  Accuracy 

Prior  to  specifying  values  for  each  of  the  recomnended  flow 
parameters,  a brief  review  of  pressure  and  temperature  measurement 
accuracy  will  be  presented.  This  review  will  furnish  sufficient 
background  such  that  the  attainability  of  the  standards  can  be 
assessed. 

All  temperature  and  pressure  measurements  are  inaccurate 

to  some  extent.  These  errors  are  the  differences  between  the 

measured  and  the  true  value  as  defined  by  the  National  Bureau  of 

Standards.  The  measurement  error  or  uncertainty  consists  of  a 

23 

fixed  and  random  error.  The  fixed  or  systematic  error  is  also 
known  as  bias.  The  bias  is  always  the  same  in  a given  measurement 
and  can  only  be  determined  by  comparing  the  measured  and  true 
value  of  a quantity.  Large  unknown  biases  are  eliminated  by 
calibration  processes.  The  random  or  precision  error  is  the 
variation  of  repeated  measurements  of  the  same  quantity.  Pre- 
cision cam  be  defined  statistically  with  the  standard  deviation 
normally  utilized  for  this  purpose.  The  uncertainty  is  the  com- 
bination of  bias  and  precision  and 

Uc  = + (B  + tg5S) 

where  Uc  is  the  uncertainty,  B is  the  bias,  S the  precision, 

and  t is  the  95th  percentile  point  for  the  two-tailed  students 

95  23 

t distribution. 

Pressure  measurement  error  sources  are  primarily  due  to 
calibration  errors,  data  acquisition  and  reduction  errors  and 
probe  errors.  The  calibration  errors  are  the  result  of  the  cumu- 
lative effect  of  a series  of  calibrations  tracing  back  to  the 
National  Bureau  of  Standards.  Data  acquisition  errors  are  caused 
by  uncertainties  in  excitation  voltage,  electrical  simulation, 
signal  conditioning,  recording  of  information,  etc.  Data  reduc- 
tion errors  stem  from  calibration  curve  fits  and  computer  res- 
olution. Probe  errors  are  due  to  extraneous  aerodynamic  effects 
and  when  combined  with  calibration,  data  acquisition,  and  data 
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23 

reduction  errors  yield  uncertainties  of  from  0.3  - 0.7%. 

2 

This  amounts  to  0.04  - 0.10  Ib^/in  for  atmospheric  pressures. 

Not':  that  probe  errors  may  be  markedly  influenced  by  turbulence 
24 

level . 

Temperature  measurement  errors  are  due  to  the  same  sources 

as  noted  above  for  pressure  measurements,  i.e.,  calibration,  data 

acquisition  and  data  reduction  errors.  In  this  case,  uncertainties 

23 

amount  to  0.5  - 0.6%.  This  is  approximately  2.3  - 2.8*R  for  tem- 
peratures of  460°R. 

C.  Survey  of  Compressor  Facilities 

1.  Characteristics  of  Existing  Compressor  Test  Facilities 

During  the  course  of  the  investigations  preceeding  this  report, 
a survey  of  existing  airbreathing  engine  and  compressor  test  facilities 
was  carried  out.  The  overall  characteristics  of  the  compressor  facil- 
ities are  summarized  in  Table  2 where  the  information  has  been  extracted 
from  references  15  through  22  and  25  through  27.  The  table  lists  the 
organization,  the  maximum  power  available  to  drive  the  test  compressor, 
the  maximum  compressor  rotating  speed,  the  maximum  compressor  flow 
rate,  and  the  environmental  conditions.  The  environmental  conditions 
include  the  range  of  temperatures  and  pressures  which  can  be  controlled 
at  the  compressor  inlet.  An  open  system  is  limited  to  ambient  tem- 
peratures and  pressures  unless  a flow  control  system  is  utilized  at 
the  compressor  inlet  in  conjunction  with  a pressure  vessel.  Under 
these  conditions,  subatmospheric  pressures  can  be  utilized  in  the  test 
program . 

2.  Flow  Quality  in  Existing  Compressor  Test  Facilities 

In  addition  to  the  overall  facility  characteristics,  typical 
flow  quality  standards  are  presented  in  Table  3.  This  information  is 
a compilation  of  data  presented  in  reference  15  through  22.  The  data 
is  divided  into  five  major  categories.  Hiese  consist  of  the  steady 
state  total  pressure  and  temperature  variation,  the  flow  angle,  and  the 
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TABLE  2 


EXISTING  COMPRESSOR  TEST  FACILITIES 


Organization 

' 

Power 

hp 

Speed 

rpm 

Flow 

lb  /sec 
in 

Environment 

NASA  Lewis 

15,000 

18/000 

100/75 

60  to  -20°F/15  to 

2 lbf/in2 

AEDC 

3,000 

5,000/ 

17,000 

24 

Control led/ 12  to 

1 lbf/in2 

Continental 

4,000 

11,000/ 

30,000 

Open  system 

1,400 

42,000/ 

63,000 

Open  system 

Lycoming 

1,500 

20,000/ 

65,000 

Open  system 

2,500 

20,000/ 

65,000 

Open  system 

Detroit  Diesel 
Allison 

36,000 

25,000 

440/100 

105  to  0°F/30  to 

3 lbf/in2 

20,000 

15,000 

140/42 

60  to  -70°F/30  to 

3 lbf/in2 

General  Electric 
Full  Scale 

30,000 

10,000 

500 

200  to  -75°F/22  to 

1 lbf/in2 

Small  Engine 

13,000 

20,000 

70 

200  to  -30#F/30  to 
2.5  lbf/in2 

House  Compressor 

15,000 

10,000 

250 

Open  system 

Pratt  & Whitney 
X-204 

21,000 

15,000 

400/60 

200  to  -40°F/22  to 
14  lbf/in2 

X-17 

30,000 

11,000 

127 

Open  system 

X-211 

40,000 

5,000/ 

10,500 

500 

Open  system 

X-219 

53,000 

11,250/ 

17 , 500 

Open  system 

TABLE  3 (continued) 


NASA  notes  that  only  a 3°F  temperature  difference  exists  between 
the  operating  and  the  surge  line. 

Frequencies  from  0 - 700  hr 

Estimated  Value 

U - U . 

■ aa-aa  « 0.02  - 0.03 


15°F  represents  an  extreme  upper  limit 
0.2  represents  an  extreme  upper  limit 

The  lower  value  corresponds  to  a 1%  loss  in  compressor  efficiency 
with  the  upper  value  related  to  a 1%  loss  in  surge  margin. 

0.6°F  corresponds  to  a 1%  degradation  in  efficiency.  3.5  - 4°F 
temperature  difference  between  the  surge  and  operating  line 
is  typical  of  modern  compressors. 

0.5°F  corresponds  to  approximately  1%  change  in  efficiency 
Frequencies  from  0 - 1000  hz.  with  a goal  of  0.01  for 

/ 2"  I / 2 

(P* )mxv  ~y  (P' )min  over  the  same  frequency  range 


These  values  are  typical  of  engine  inlets.  The  smaller  values 
are  for  subsonic,  under-the-wing , engine  installations  while  the 
larger  values  correspond  to  a supersonic  inlet. 


Acoustic  considerations  dictate  that 


u - u . 

max  min 


< 0.03  with  the 


acoustic  energy  less  than  0.002  at  any  frequency  and  less  than 
0.01  over  the  entire  frequency  spectrum. 
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root-mean-square  value  of  the  time  variant  total  pressure  and  temper- 
ature distributions.  The  first  two  categories  are  further  subdivided 
into  four  additional  areas.  These  are  the  current  facility  values, 
the  minimum  value  of  the  parameter  that  can  be  measured  in  the  facility 
which  is  denoted  as  the  "Facility  Accuracy  Limit",  the  minimum  value 
of  the  parameter  impacting  compressor  performance  which  is  entitled 
"Impacts  Compressor  Performance",  and  the  value  of  the  parameter  to 
be  used  as  a design  goal  in  a new  facility.  The  latter  value  was 
influential  in  the  determination  of  the  CRF  specifications. 


An  examination  of  Table  3 indicates  that  most  facilities  currently 

have  total  pressure  deviation,  i.e.,  P - P . /P  , values  of  approxi- 

max  min  a 

mately  1-2%.  Generally  these  values  are  consistent  with  measurement 
accuracies.  Values  of  2 - 4%  are  required  before  any  change  in  com- 
pressor performance,  i.e.,  degradation  in  efficiency  or  surge  margin, 
cam  be  detected.  Facility  goals  of  from  1/2  - 1%  were  most  frequently 
quoted.  It  is  important  to  note  that  modest  non-uniformities  in 
pressure  impact  measurement  accuracy  long  before  they  impact  compressor 
performance.  The  non-uniform  flow  field  necessitates  a substantial 
increase  in  the  number  of  measuring  stations . An  averaging  procedure 
must  then  be  employed  to  obtain  a "mean"  compressor  inlet  condition. 

The  uncertainty  in  this  measurement  increases  rapidly  with  the  non-uni- 
formity of  the  flow  field.  As  a consequence,  modest  non-uniform 
conditions  will  impact  measurement  accuracy  while  not  influencing 
compressor  performance. 

Excessively  high  turbulence  levels  also  markedly  affect  measure- 

24  28  29 

ment  accuracy.  A very  limited  number  of  measurements  ' indicate 

that  turbulence  levels  at  the  compressor  face  should  be  less  than  about 

1%.  It  is  well  known  that  a reduction  in  area  will  substantially 

alter  both  longitudinal  and  lateral  turbulence  levels.  As  a consequence, 

turbulence  levels  may  be  significantly  higher  in  the  test  chamber  itself. 

Batcheler^0  has  shown  that  the  turbulence  reduction  due  to  an  area 

contraction  cam  be  written  as 


I 
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where  Tu  denotes  the  turbulence  level  in  the  test  chamber,  Tu  the 
tc  _3  c 

level  at  the  compressor  face  and  o = l - Ar  . The  reduction  in  level 

2 

varies  roughly  as  1/Ar  and  thus  a contraction  ratio  of  4 to  1 would 
produce  a 16  fold  decrease.  Note  that  Tu  = \ (u')2  /u  in  the  present 

el  cl 


context . 

Total  temperature  variations  range  from  1 - 5°F  in  current 
facilities  with  1 - 2°F  representing  the  measuring  capabilities  in 
most  cases.  Again,  the  impact  of  a non-uniform  spatial  and  temporal 
distribution  of  temperature  is  more  pronounced  with  regard  to  measure- 
ment accuracy  than  with  compressor  performance  until  large  values  of 

T - T . occur, 
max  min 


Swirl  or  non-uniform  flow  angularity  generally  varies  from 
1/2  - 1°  and  is  not  usually  a major  concern.  In  a similar  vein. 


\|  (P* ) 2 - \|  (P * ) 2 . ^ (T*)2  - ^(T 

’ max  ' min  and  « max  1 


•)2 


min 


have  not 


P 

a 


T 

a 


been  extensively  investigated.  The  very  limited  data  sample  indicates 

that  these  parameters  are  generally  of  the  order  of  1%.  Some  recent 
14 

information  concludes,  however,  that  temporal  variations  of  pressure 
may  be  much  larger  particularly  in  supersonic  applications.  It  appears 
that  time-dependent  variations  will  become  more  important  in  the  future. 


In  summary,  (P  - P . )/P  values  of  approximately  1-2%  are 
max  min  a 

typical  of  current  compressor  facilities.  Moreover,  T - values 

of  2 - 4*F  seem  to  represent  the  state  of  the  art  in  temperature 
variations.  Temporal  variations  of  pressure  and  temperature  are  not  as 
well  documented  as  their  steady-state  counterparts > nevertheless, 
values  of 


of  about  1-2%  would  be  expected  in  most  facilities. 


D.  Flow  Quality  Standards  for  the  Compressor  Research  Facility 


1.  Recommended  Flow  Quality  Standards 

The  flow  quality  standards  recommended  for  the  Compressor  Re- 
search Facility  have  been  arrived  at  by  considering  the  following: 

(i)  The  parameters  which  best  represent  the  impact  of 

flow  distortion  and/or  non-uniformities  on  compressor 
performance  and  measurement  uncertainties. 

(ii)  The  accuracy  with  which  temperature  and  pressures 
can  be  measured.  This  information  can  be  used  to 
determine  the  minimum  measurable  flow  distortion. 

(iii)  The  minimum  value  of  flow  distortion  which  influences 
compressor  efficiency  and/or  surge  margin. 

(iv)  The  current  industry-wide  standards  for  flow  distortion. 

As  a result  of  the  previously  discussed  items,  the  following  flow 
quality  standards  are  recommended  for  the  Compressor  Research  Facility. 


P - P 

max  min  < 0.01 
P 

a 


\ (P*> 


2 

max 


P 

a 


from  0 - 1000  hz. 


< 0.01  for  frequencies 


< 0.005 


< 0.005  for  frequencies 


(UY 


' /U 
a a 


< 0.01 


(19) 

(20) 

(21) 

(22) 

(23) 

(24) 
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Relations  (19)  through  (23)  are  to  be  satisfied  one  compressor  dia- 
meter upstream  of  the  inlet  bellmouth  with  inequality  (24)  to  be  sat- 
isfied at  the  compressor  face.  Note  that  this  standard  can  be  trans- 
lated upstream  if  an  appropriate  area  contraction  is  specified. 


2.  Impact  of  the  Flow  Quality  Standards  on  the  Compressor  Research 
Facility  Test  Chamber 


Wind  tunnel  designers  have  used  "settling  chambers"  to  combat 
flow  distortions  since  the  early  1900's.  A settling  chamber  or 
stagnation  tank  consists  of  a large  diameter  section  wherein  the 
flow  is  decelerated  to  very  low  velocities.  As  a result,  the  total 
pressure  approaches  the  static  pressure  and  values  of  pmax  - pmin/pa 
would  normally  be  small  provided  p is  uniform.  It  thus  follows 
that  equation  21  is  a more  stringent  requirement  than  equations  19 
or  20  provided  the  velocity  is  sufficiently  small  and  reasonably  uni- 
form. Since  the  test  chamber  for  the  Compressor  Research  Facility  is 
to  be  20  ft.  in  diameter  with  maximum  compressor  diameters  at  10  ft., 
the  velocities  in  the  test  chamber  are  small.  Even  when  advanced 
compressors  having  high  subsonic  axial  Mach  numbers  are  considered,  it 
is  unlikely  that  the  tank  velocities  would  ever  exceed  200  ft./sec.  As 
a result,  the  dynamic  head  is  approximately  2%  of  the  total  pressure; 
consequently,  if  the  static  pressure  is  uniform,  the  maximum  value  of 

P - P . /P  would  be  2%.  If  the  test  chamber  velocities  are  reduced 
max  mm  a 

to  100  ft/sec,  P - P . /P  is  approximately  1%. 

max  min  a " 1 

The  same  rationale  can  be  used  with  regard  to  c?n]ax  - ^min^a'  In 
this  case  even  though  the  dynamic  head  is  small,  this  flow  parameter  may 
be  large  since  the  difference  qjnax  “ q^^  is  normalized  with  an  average 
value  of  dynamic  head  rather  than  the  total  pressure. 


The  root-mean-square  total  pressure  parameter  is  more  difficult 


to  quantify  than  p 

max 


a 

is  probably  roughly  of  the  same  order  of  magnitude  as  P - P . /P  . 

max  min  a 
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The  temperature  variations  are  functions  of  the  inlet  design  in 
conjunction  with  recirculation  and/or  reingestion  concepts.  If  the 
auxiliary  air  is  returned  to  the  inlet,  provisions  must  be  made  to 
satisfy  equations  22  and  23.  It  is  recommended  that  reingestion  be 
avoided  if  at  all  possible.  The  elimination  of  reingestion  does  not 


automatically  assure  that  T 

max 


T . /T 
min  a 


and 


(T’)' 


max 


-\|  (T’) 


mm 


a 

will  be  less  than  0.005.  Temperature  stratifications  adjacent  to  the 
facility  inlet  system  may  well  produce  variations  which  exceed  the 
limits  of  equations  22  and  23.  Provisions  must  be  made  to  preclude 
the  occurrence  of  any  naturally  developed  temperature  variations.  Care 
must  also  be  taken  in  the  location  of  the  inlet  relative  to  other 
facility  exhaust  systems.  The  ingestion  of  hot  exhaust  gases  or 
spent  steam  from  other  facilities  must  be  avoided  at  all  costs . 


As  has  been  stated  above , total  pressure  variations  will  be 
nominal  provided  a reasonably  uniform  flow  field  exists.  Since  the 
Compressor  Research  Facility  uses  five  control  valves  whose  combined 
area  is  much  less  than  the  area  of  the  tank  (see  Figure  3) , provisions 
must  be  made  to  diffuse  the  high  velocity  jets  issuing  from  the  inlet 
valves.  This  can  be  accomplished  by  using  deflector  plates  to  diffuse 
and  direct  the  jets  radially  outward.  A perforated  plate  can  then 
be  employed  for  further  diffusion  both  axially  and  radially.  These 
two  elements  may  be  all  that  is  required  to  satisfy  the  total  pressure 
constraint,  i.e.,  equation  19.  Equations  20  and  21  are  more  stringent 
than  equation  19  and  further  flow  control  devices  may  be  required. 
These  would  consist  of  honeycomb  and  screens  with  the  honeycomb 
removing  any  residual  swirl  and  the  screens  promoting  further  radial 
diffusion  as  well  is  a reduction  in  the  free-stream  turbulence  level. 


In  summary,  plate  deflectors,  perforated  plates  and  the 
honeycomb  and  screens  will  be  required  to  meet  the  flow  quality  stan- 
dards of  equations  19  through  23.  No  insurmountable  problems  are 
anticipated  and  the  selection  of  a 20  ft.  diameter  test  chamber  will 
be  an  immeasurable  aid  in  achieving  good  flow  quality. 
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SECTION  II 


A. 


COMPRESSOR  RESEARCH  FACILITY 
1/10  SCALE  MODEL 
FLOW  TESTS 


Introduction 


The  magnitude  of  the  investment  associated  with  the  Compressor 
Research  Facility  dictates  that  all  reasonable  effort  be  taken  to  assure 
compliance  with  the  flow  quality  standards  discussed  in  Section  I. 
Investigations  have  been  carried  out  in  a scale  model  of  the 
facility.  By  selectively  employing  Reynolds  and  Mach  scaling  for  the 
various  flow  control  elements  utilized  in  the  test  chamber,  the  aero- 
dynamic characteristics  of  the  Compressor  Research  Facility  have  been 
reproduced  in  the  model.  As  a result,  flow  quality  development  testing 
has  been  carried  out  in  the  model  at  a nominal  cost  and  well  in  advance 
of  utilization  of  the  full-scale  facility.  The  rationale  for  the  test 
program  as  well  as  the  experimental  results  of  these  investigations  are 
discussed  in  the  following  sections. 

B.  Scaling  and  Flow  Model  Tests 

Fluid  mechanics  — unlike  nuclear  physics  — does  not  attempt 
to  determine  the  absolute  values  of  physical  constants;  consequently, 
most  experimental  results  can  be  related  to  flows  on  a different  scale 
or  in  a different  fluid  provided  they  are  expressed  in  a non-dimensional 
form.  The  dimensionless  quantities  are  generated  by  dividing  by  a 
reference  parameter  having  the  same  ur. .ts  of  mass,  length,  time,  etc. 
This  technique  or  process  is  often  called  dynamic  similitude.  The 
appropriate  dimensionless  properties  can  be  determined  by  dimensional 
analysis  or  an  inspection  of  the  governing  equations  of  motion.  The 
latter  course  is  more  straightforward  and  will  be  followed  in  this 
work. 


Consider  the  flow  of  a fluid  through  a three-dimensional  bounded 


3u.  3^  3 u.  a . . 

<3^  + ui  3^  " ' 3^  + 35^  * p T*l  (Tij  ] 


-3t  ..  3t  . _ 3 t 3 . (t) (v)  . x{t). 

(T7  ♦ U,  ” K V~  " ^ > + U <♦  + v > 


+ Ui  *5?  ’ K 3^  - 3^  <qi 


where  IK  denotes  the  velocity,  t the  static  temperature,  xi  the  i-th 

Cartesian  coordinate,  p the  static  pressure,  p the  density,  u the 
absolute  viscosity,  the  specific  heat,  K the  thermal  conductivity, 

^ the  turbulent  momentum  flux,  the  turbulent  energy  flux, 

and  and  the  viscous  and  turbulent  dissipation  functions. 

Equations  25  through  27  are  derived  in  reference  31.  Note  that  equations 
25  through  27  are  for  constant  property  fluids  and  a repeated  subscript 
indicates  a summation. 


Equations  25,  26,  and  27  can  be  recast  in  dimensionless  form  by 
referencing  all  lengths  to  a length  scale  l,  the  velocities  to  Urej, 

the  turbulent  velocities  to  ^ (o' ) ^e£*  the  pressure  to  PUre^  and  the 


temperatures  to  t This  yields 


- 0 


3U.  3U4  1 3 U.  5 3TH 

3t  ui  3x  3Xi  Re  3x  3x  3x 
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where  Y i*  the  ratio  of  specific  heats  and  all  terms  are  now  dimen- 
sionless. The  derived  dimensionless  groups  can  be  defined  as 
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I 


1 


i 


I 


Reynolds  number 

Prandtl  number 

Mach  number 


Turbulence  level 


(31) 


An  inspection  of  equations  28  through  30  indicates: 

1)  The  system  of  equations  is  independent  of  scale  provided 
Re,  Pr,  M < and  Tu  are  the  same  and  the  boundary  and  initial 
conditions  are  identical 

2)  Any  solutions  to  the  aforementioned  equations  will  take 
the  form 


Ui  ” fl^xi'  Re'  Pr'  M'  Tu^ 
t - Re'  Pr'  M'  Tu) 


(32) 


The  four  dimensionless  groups  governing  dynamic  similitude  can 
be  linked  to  specific  physical  processes.  For  example,  the  Reynolds 
number  represents  the  ratio  of  inertia  to  viscous  forces,  the  Prandtl 
number  depicts  heat  transfer  effects,  the  Mach  number  is  a measure  of 
the  importance  of  compressibility  and  the  turbulence  level  is  indica- 
tive of  turbulence  effects.  For  laminar,  adiabatic,  low  speed  flows, 
only  the  Reynolds  number  is  important.  The  turbulence  level  is  of 
particular  significance  when  transitional  conditions  are  encountered, 
i.e.,  the  circumstances  whereby  a laminar  boundary  layer  becomes 
turbulent . 

The  actual  application  of  the  scaling  process  consists  of  main- 
taining a constancy  of  Re,  Pr,  M and  Tu  between  the  actual  case  and 
the  model.  For  situations  involving  the  same  fluid  — note  that  there 
is  no  requirement  to  test  both  the  actual  unit  and  the  model  in  the 
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same  fluid  — the  pressure  and  temperature  of  the  gas  as  well  as  the 
geometric  scale  factor  can  be  varied. 


Hie  Compressor  Research  Facility  can  be  modeled  by  assuring  the 
equivalence  of  Re,  Pr,  M,  and  Tu  for  both  the  full-scale  and  scale 
model  unit,  i.e., 


Re  - Re  . , Pr  = Pr 
mdl  act  mdl  act 


M ■ M and 
mdl  act 


Tu^1  ■ Tuact*  The  Prandtl  number  of  air  is  reasonably  constant  over 

a wide  range  of  temperatures  and  pressures  and  thus,  Pr  * Pr 

mal  act 

provided  the  model  uses  air  as  the  operating  fluid.  If  the  Reynolds 
number  and  Mach  number  for  both  the  actual  and  scale  unit  are  equated, 
the  following  relationship  can  be  derived 


■mA2  A.ct  * 198 
Vt  I yl»ai  * 198 

where  the  subscripts  act  and  mdl  denote  the  full-scale  and  scale  model 
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respectively  and  Sutherland's  rule  has  been  used  to  express  the 
viscosity  as  a function  of  temperature.  Both  t and  t t must  be 

expressed  in  °R.  The  ratio  of  mass  flow  rates  is  then 


(34) 


Equations  33  and  34  are  plotted  in  Figures  7 and  8 where  (i  _,/£  . ) 

mdl  act 

has  been  eliminated  via  equation  33.  For  an  arbitrary  geometric  scale 
factor.  Figures  7 and  8 can  be  used  to  determine  the  temperature  and/or 
pressure  ratio  once  either  is  specified.  To  maintain  strict  scaling, 
the  turbulence  parameter  must  also  be  maintained  at  the  same  value. 

This  poses  problems  since  the  "actual"  value  is  frequently  unknown. 

Figures  7 and  8 can  be  employed  to  determine  the  appropriate 

flow  parameters  for  the  Compressor  Research  Facility  scale  model. 

t .is  approximately  50#F  in  this  case  and  if  t is  also  main- 
Act  mal 

tained  at  this  value,  then  (Jt  .,/£  .)  (p  .,/p  .)  is  1.  This 

mdl  act  mdl  act 

implies  that  the  pressure  ratio  is  inversely  proportional  to  the 

geometric  scale  factor.  By  reducing  t relative  to  t . , the  pressure 

mai  9lcz 
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mactPmdl 
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Figure  8. 


Scaled  Mass  Flow  Rate 
as  a Function  of 


1 


can  be  reduced.  For  t#ct  ■ 50*F  and  t^1  * 0°F,  pmH1/p<ir.t.  **  0.8808  x 

(iact/)l«dl)  ***  Amdl/Aact  is  °*9134  ^act^mdl1  or  1*037  (*'odl/£'act)  * 

In  either  case,  substantial  pressure  ratios  are  required  to  compensate 
for  geometric  scaling.  If  Reynolds  number  similarity  is  neglected, 
then  equation  34  which  utilizes  continuity  and  Mach  similarity  can  be 
employed.  In  this  instance  with  both  (p^j/p^^  and  (t^/t^) 

equal  to  1,  the  mass  flow  ratio  is  proportional  to  the  geometric  scale 
factor  squared . 

In  the  interests  of  simplicity,  the  flow  model  tests  could  be 
carried  out  at  both  atmospheric  temperature  and  pressure.  Under  these 
conditions  similarity  can  not  be  obtained  and  the  experimental  results 
must  be  interpreted  in  this  light.  The  three-dimensional  separated 
flow  fields  downstream  of  the  deflector  plates  will  be  Reynolds  number 
dependent  as  will  the  flows  through  the  other  flow  control  devices. 

On  the  other  hand,  flows  in  the  tank  itself  will  be  at  such  large 
Reynolds  numbers  that  (3  U^/Bx^xJ/Re  will  be  negligible?  consequently, 

the  Reynolds  number  effect  on  flow  in  the  test  chamber  can  be  neglected 
provided  Re  is  sufficiently  large  in  the  model. 

Reynolds  number  similarity  can  be  obtained  for  the  flow  control 
elements  by  utilizing  full-scale  geometry  in  this  case,  i.e.,  the 
perforated  plate  hole  sizes,  the  screen  wire  diameters  and  the  honeycomb 
core  sizes  will  be  the  same  in  both  the  model  and  full-scale  tests. 

This  cannot  be  done  with  regard  to  the  deflector  plates.  With  these 
considerations  in  mind,  it  appears  that  meaningful  results  can  be 
obtained  by  scale  model  testing. 

C.  Reynolds  Number  Similarity  for  the  Flow  Conditioning  Elements 

As  noted  in  the  previous  section,  the  flow  conditioning  elements 
which  are  being  used  in  the  test  chamber  are  strongly  Reynolds  number 
dependent  even  though  the  gross  flow  through  the  tank  itself  is  independent 
of  the  Reynolds  number.  In  particular,  the  pressure  loss  in  screens 
and  honeycombs  is  a function  of  the  wire  Reynolds  number,  Udgp/£y, 
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and  the  open  area  ratio  , (1  - dg/M2.  The  screen  drag  coefficient, 
k can  be  mitten  as  Ap/j  pU  and 

C2k/(1  - C)  - 9Res~°’4  50  < Res  < 200  (35) 

r2k/(l  - 5)  - 6.5  Re  “1/3  60  < Re  < 600  (36) 

X X 

Equation  (35)  is  given  in  reference  33  and  equation  (36)  is  presented  in 
reference  34. 

' 35  T 2 

It  has  also  been  shown  that  (U’)  and  (V*)  can  be  reduced  to 
about  0.15  and  0.30  of  their  initial  values  for  k - 2.  As  a conse- 
quence, both  the  screen  pressure  loss,  the  reduction  in  mean  flow 
spatial  variations  and  the  reduction  in  turbulence  levels  is  a function 
of  screen  Reynolds  number  and  open  area  ratio.  Similar  relationships 
hold  for  honeycomb  and  perforated  plates. 

When  the  local  screen  Reynolds  number  exceeds  about  80,  the 
screen  wire  rakes  will  become  turbulent.  The  turbulence  is  of  a very 
small  spatial  scale  and  decays  fairly  rapidly  — about  500  wire  diameters 
are  sufficient  for  complete  decay  of  the  turbulence  in  most  cases.  This 
implies  that  both  (u')2  and  (V')2  are  functions  of  x/dg  where  x 

« 

is  the  axial  distance  and  dg  is  the  screen  wire  diameters.  It  thus 
follows  that 

k = <f>  (Re  » C) 

l s 


Au  - <l>  (Re  ,C  ) 
— I s 


where  denotes  a functional  dependence. 

Equations  (37)  imply  that  Re^,  C,  and  x/dg  must  be  maintained  at 

the  same  value  for  both  the  1/10  scale  model  and  the  facility  if  dynamic 
similitude  is  to  be  obtained  for  the  flow  control  elements.  Mach 
similarity  Implies  that 


mdl 


U 


act 


(38) 


since  t * t . and  thus  the  flow  control  elements,  i.e.,  screens  and 
mdl  act 

honeycomb,  must  be  geometrically  the  same  in  both  cases.  Note  that 

the  axial  spacing  between  flow  control  elements  must  be  equivalent  to 

the  full-size  values.  Since  x/d  will  be  10  times  the  scale  model 

s 

values  in  the  full-scale  facility,  turbulence  damping  should  exceed 
the  values  obtained  in  the  scale  model  and,  thus,  the  scale  model 
results  do  offer  a degree  of  conservatism. 


D.  The  Flow  Model  Configuration 

The  overall  flow  model  is  shown  in  Figure  9.  Air  flow  is  from 

left  to  right  entering  the  1/10  scale  mode),  through  the  five  control 

valves.  The  flow  model  itself  was  fabricated  by  the  Cadre  Corporation 

in  conjunction  with  an  evaluation  of  air  ejectors  for  use  in  the 

2 

auxiliary  air  system.  The  ejectors  and  related  items  have  now  been 
removed  with  the  model  serving  as  a vehicle  for  flow  quality  studies. 

The  pressure  level  in  the  test  chamber  is  controlled  with  the 
five  inlet  valves  shown  in  Figure  10.  The  valves  are  scheduled  to 
open  and  close  as  a function  of  both  air  flow  rate  and  test  chamber 
pressure  level.  Experiments  have  been  carried  out  using  the  valve 
scheduling  sequence  of  Table  4.  The  valve  location  and  jet  deflector 
geometry  is  shown  in  Figure  11. 

The  mass  flow  rate  through  the  test  chamber  is  controlled  by 
means  of  the  valve  assembly  of  Figure  12.  The  test  chamber  pressure 
as  well  as  the  mass  flow  rate  are  monitored  on  the  gauge  unit  which  is 
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FIGURE  9.  COMPRESSOR  RESEARCH  FACILITY  l/lO  SCALE  MODEL 


TABLE  4 


Design  Valve  Schedules 


w 

lb/sec . 

Total  Test 
Chamber  Pres- 
sure psia 

1.4" 

2.0" 

Valve  Angles 

2.4" 

3.6"L 

3.6' 

2.5 

11 

* 

90 

90 

71 

26 

i 

0 

9.8 

90 

90 

61 

16 

0 

7.3 

90 

85 

40 

0 

0 

4.3 

90 

61 

16 

0 

0 

3.5 

11 

90 

90 

90 

50 

5 

9.8 

90 

90 

80 

35 

0 

7.3 

90 

90 

62 

17 

0 

4.3 

90 

76 

31 

0 

0 

5.5 

11 

90 

90 

90 

79 

34 

9.8 

90 

90 

90 

67 

22 

7.3 

90 

90 

90 

46 

1 

4.3 

90 

90 

60 

15 

0 

90°  denotes  the  fully-open  condition  while  0°  represents  a fully-closed 
configuration . 
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Figure  12.  Facility  Control  and  Monitoring  System 


A number  of  redundant  mass  flow  rate  measurements  are  carried  out  and 
these  will  be  discussed  in  more  detail  in  Section  II. G. 

The  compressor  inlet  flow  field  is  simulated  using  a series  of 
bellmouths . The  J-79  bellmouth  installed  in  the  test  chamber  is  shown 
in  Figure  13.  Two  additional  bellmouths  have  been  fabricated  and  these 
are  shown  in  Figure  14. 

A typical  flow  control  element  is  shown  in  Figure  15.  This 
photograph  depicts  the  forward  portion  of  the  test  chamber  with  a 
honeycomb  flow  straightener  installed.  Screens,  a perforated  plate 
and  core  busters  or  deflector  plates  are  or  have  been  used  in  the 
test  chamber  to  eliminate  flow  non-uniformities. 
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E.  Measurements  within  the  Compressor  Research  Facility  1/10  Scale 
Model 


The  measurements  made  in  the  1/10  scale  model  consisted  of: 

(i)  The  test  chamber  wall  static  pressure  and  total 
temperature 

(ii)  The  test  chamber  total  pressure,  velocity,  and  tur- 
bulence level  at  selected  axial  stations 

(iii)  The  bellmouth  wall  static  pressure  and  total 
pressure  distribution 

(iv)  The  orifice  total  temperature,  inlet  pressure 
and  pressure  drop. 

Each  of  these  will  be  discussed  in  more  detail  in  the  ensuing  paragraphs. 

The  test  chamber  total  temperature  probe  is  shown  in  Figure  13. 

As  a result  of  the  low  fluid  velocities  and  relatively  low  pressure 
losses,  the  tank  total  temperature  is  approximately  equal  to  the  ambient 
temperature . 
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Figure  16.  Test  Chamber  Axial  Measurement  Stations 


The  test  chamber  wall  static  pressures  are  measured  at  selected 
axial  and  circumferential  locations  corresponding  to  the  total  pressure 
and  velocity  measurements.  In  particular,  three  axial  locations  were 
chosen  — one  compressor  diameter  downstream  of  the  appropriate  bell- 
mouth.  Four  circumferential  locations  were  chosen  consisting  of  the 
0®,  90®,  180®,  and  270®  positions.  By  assuming  that  the  static  pressure 
was  uniform  across  the  test  chamber,  i.e.,  the  mean  of  the  four  circum- 
ferential values,  the  measured  total  pressure  could  be  used  to  compute 
the  velocity  distribution.  In  a similar  manner,  the  measured  velocities 
and  static  pressure  could  be  employed  to  determine  the  total  pressure . 

The  traversing  and  static  pressure  axial  locations  are  shown  in  Figure  16. 

The  test  chamber  velocity  and  turbulence  level  were  measured  using 
37 

a hot  wire  anemometer.  The  sensor  was  moved  across  the  test  chamber 
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in  the  radial  direction  using  a traversing  mechanism.  The  locations 
of  the  traverse  planes  relative  to  the  inlet  valves  are  shown  in  Figure  17 . 

The  hot  wire  anemometer  probe  is  shown  installed  in  the  test  chamber 
in  Figure  18.  The  probe  is  supported  from  both  ends  to  minimize  flow 
distortion.  In  this  instance,  the  radial  traverse  is  carried  out  in 
the  vertical  direction.  Mounting  pads  for  the  traversing  mechanism  are 
also  located  on  the  horizontal  axis  and  traverses  were  also  carried  out 
in  this  direction. 

The  bellmouths  were  instrumented  with  total  and  static  pressure 
probes  so  that  the  appropriate  distortion  factors  could  be  ascertained. 

The  J-79  model  bellmouth  with  the  total  pressure  rakes  installed  is 
shown  in  Figure  19.  Because  of  the  rather  limited  throat  area,  only 
four  circumferential  stations  were  employed  in  this  case.  This  yielded 
a probe  blockage  value  of  3.6%  which  is  considered  acceptable.  The 
radial  location  of  the  rake  elements  relative  to  both  the  bellmouth 
wall  and  center-line  is  shown  in  Figure  20.  Note  that  the  rakes  were 
located  at  the  centroids  of  equal  area  segments. 

The  largest  bellmouth,  i.e.,  sized  to  accommodate  the  maximum 
facility  flow  rate,  is  shown  in  Figure  21.  In  this  case  eight  circum- 
ferential locatl<'T's  were  employed  resulting  in  a probe  blockage  value 
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Figure  19.  J79  Model  Bellmouth  with 

the  Total  Pressure  Rakes 
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Figure  20.  J79  Model  Bellmouth  Total 

Head  Tube  Radial  Locations 


The  radial  locations  of  the  individual  total  head  tubes  are  shown 
in  Figure  22.  Wall  static  pressures  are  located  adjacent  to  each  of  the 
total  pressure  rakes  for  both  the  instrumented  bellmouths. 

F.  Instrumentation  Systems  for  the  Compressor  Research  Facility  1/10 
Scale  Model 


Hie  measurements  carried  out  in  the  1/10  scale  model  fall  into  three 
categories : 

(i)  Steady-state  pressures 

(ii)  Steady-state  temperatures 

(iii)  Time-dependent  and/or  fluctuating  velocities 

Each  of  the  above  were  measured  using  different  and/or  independent 
techniques  . 

The  steady-state  pressures  — both  totals  and  statics  — were 

39 

measured  using  a rotary  valve/pressure  transducer  unit.  Two  of  these 
units  were  employed  yielding  a 128  channel  measuring  capability.  Every 
other  channel  was  supplied  with  a near  vacuum  pressure  resulting  in 
64  active  channels  or  32  active  channels  per  unit.  Each  unit  employs 
a single  strain  gauge  bonded  pressure  transducer  which  can  be  calibrated 
while  installed  in  the  unit.  In  particular,  three  known  pressures,  i.e., 
atmospheric,  near  vacuum,  and  sub-atmospheric,  were  supplied  and  the 
resulting  voltages  measured.  The  two  sets  of  values  were  used  to 
determine  the  calibration  coefficients  during  the  course  of  the  experi- 
ment. The  Scanivalve  unit  as  described  above  is  shown  in  Figure  23. 

The  channel  selection  process  is  governed  by  a Scanivalve  controller. 
The  controller  not  only  activates  the  rotary  valve  mechanism,  but  it 
also  indicates  the  selected  channel.  The  transducers  are  both  energized 
and  conditioned  by  the  power  supplies  and  signal  conditioning  elements 
which  are  also  shown  in  Figure  23.  The  transducer  output  was  measured 
with  the  uppermost  integrating  digital  v ""tmeter.  The  lower  digital 
voltmeter  was  used  for  monitoring  power  supply  voltage  levels. 
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Figure  23.  Pressure  Instrumentation  Systems 
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The  hot  wire  anemometry  system37  is  shown  in  Figure  24.  These 
units  consist  of  a constant  temperature  anemometer,  a signal  conditioner, 
a linearizer,  a power  supply,  an  integrating  digital  voltmeter  and  a 
root-mean-square  voltmeter.  When  maximum  accuracy  was  required,  the 
integrating  digital  voltmeters  of  Figure  23  were  employed. 

G.  Data  Reduction 


1.  Introduction 

All  data  processing  was  done  off-line  using  Indiana  University 
or  Indianapolis  Center  for  Advanced  Research  computer  systems.  The 
raw  data  was  recorded  by  hand  and  then  transferred  to  computer  cards. 
These  were  then  processed  with  all  calibrations,  computations  and 
plotting  performed  by  the  computer. 

2.  Computer  Systems 

The  data  reduction  was  done  using  a system  of  computers 
composed  of  a Digital  Equipment  Corporation  (DEC)  System  10, 
a Control  Data  Corporation  (CDC)  6600,  an  International  Business 
Machine  (IBM)  370,  and  a DEC  11/70.  The  DEC-10  serves  as  both 
an  independently  functioning  time  sharing  system  as  well  as  an 
input/output  link  to  the  batch  oriented  CDC  6600. 

The  DEC- 10  is  capable  of  supporting  a large  number  of 
users  in  a time-sharing  mode  while  concurrently  manipulating 
data  to  and  from  the  CDC  6600.  Available  peripheral  units  con- 
sisted of  a card  reader,  magnetic  tape  drives,  disc  drives,  line 
printer,  paper  tape  reader/punch,  a Calcomp  compatible  plotter 
and  a Versatec  dot-matrix  printer/plotter.  As  a point  in  passing, 
the  final  data  plots  were  generated  using  the  latter  device. 

Unlike  Cal comp- type  plotters,  the  Versatec  does  not  draw  lines, 
but  rather  deposits  patterns  of  dots,  150  per  inch,  to  form 
characters  and  drawings  with  superb  resolution. 

3.  Calibration  of  Pressure  Transducers 


The  pressure  transducers  were  calibrated  on-line  as 


56 


Figure  24,  Hot  Wire  Anemometry  System 
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described  in  Section  II. F.  Three  known  pressures,  i.e.,  at- 
mospheric, near  vacuum  and  intermediate,  were  supplied  to  each 
transducer  and  the  voltage  outputs  measured.  This  information 
in  conjunction  with 
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was  then  used  to  determine  the  pressures 


4 . Calibration  of  the  Hot  Wire  Anemometer 


(39) 


The  calibration  of  the  hot  wire  anemometer  is  considerably 
more  complex  than  that  of  the  pressure  transducers.  In  parti- 
cular, the  sensor  responds  to  variations  in  fluid  velocity, 
tenqaerature , and  pressure  or  density.  The  hot  wire  probes  were 
calibrated  at  ambient  temperatures  and  pressures;  however,  the 
Compressor  Research  Facility  1/10  scale  model  testing  was  carried 
out  at  subatmospheric  pressures  and  this  must  be  accounted  for 
in  the  data  processing  procedures.  Temperature  variations  be- 
tween calibration  and  test  conditions  must  also  be  reconciled. 


Both  temperature  and  pressure  variations  can  be  determined 
by  means  of  the  relationships  of  references  40,  41,  and  42.  In 
particular , 


-0.17 


Nu 


m 


A + B Re 


(40) 


and 


NU  - 


h.A 

f w 


TTK,(t  - tj 
f w f 


(41) 


where  Nu  denotes  the  Nusselt  number,  Re  the  Reynolds  number, 

A,  B,  and  n arbitrary  constants,  Hf  the  heat  transfer  rate,  K the 

terminal  conductivity,  l the  wire  length  and  t the  static  temperature . 

w 
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Note  that  t “ — (t  + t.) . The  Reynolds  number  is 
in  2 w r 


Re 


p.U-d 
f f w 


with  the  fluid  properties  K_,  p,  and  y.  evaluated  at  t and 

t i r xn 

the  static  pressure  p.  p and  y represent  the  density  and  vis- 
cosity respectively. 


Figures  25,  26,  and  27  illustrate  calibration  data  obtained 

during  the  course  of  this  investigation.  Figure  25  shows  the 

variation  of  Nutt^t^)  with  Re  while  Figure  26  employs 

n 41 

Re  with  n - 0.45  as  suggested  by  Collis  and  Williams.  Note 

that  the  relationship  of  equation  (40)  adequately  represents  the 

data  except  for  a few  of  the  lower  Reynolds  number  points. 

The  empirical  constants,  A,  B,  and  n are  tabulated  in  Table  5 and 

agree  fairly  well  with  the  values  presented  in  reference  41  with 

the  exception  of  A which  is  highly  probe  dependent. 


Equation  (40)  is  restricted  to  forced  convection  conditions 
and  thus  is  valid  only  when 


Re  > 2Gr1//3 

where  Gr  is  the  Grashof  number  which  is  defined  as 


Gr  - 


d„V«=„  - v 

" 2t 
f 


(42) 


(43) 


These  calibration  relationships  can  also  be  extended  to 
fluctuating  flows  and 


i (U*)2 

U 


nB  Re 


n 


(44) 


where  \ (E')2  denotes  the  root-mean- square  fluctuating  voltage. 

A similar  derivation  is  presented  in  reference  42.  Equation  (44) 
is  suhject  to  the  restriction  that 
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Hot  Wire 


TABLE  5 


CALIBRATION  CONSTANTS  OF  HOT  WIRE  PROBES 


Probe  Number 

A 

B 

n 

8477 

.404 

.756 

.420 

8709 

.365 

.602 

.418 

8710 

.519 

.516 

.440 

A766 

.316 

.616 

.382 

B052 

.386 

.597 

.432 

BO  5 6 

.695 

1.292 

.392 

B057 

.304 

.632 

.386 

B060 

.325 

.644 

.402 

B63 

.291 

.502 

.396 

B64 

.433 

.611 

.414 

8685 

.470 

.590 

.450 

8479 

.430 

.560 

.450 

Colli8  and 
Williams41 

.240 

.560 

.450 

< < 1 


(45) 


which  is  generally  satisfied  even  for  high  turbulence  levels. 
Note  that  the  overbar  denotes  a time-averaged  property,  i.e.. 


lim 
T + oo 


i_r  + T 

2TJ  T - T 


4>2dT 


(46) 


5.  Calculation  of  Total  Pressure 

Since  the  velocities  are  measured  in  the  test  chamber  and 
the  total  pressures  in  the  compressor  bellmouths,  analytic  re- 
lationships were  used  to  calculate  either  the  total  pressure  or 
the  velocity.  Following  convention, 

P ■ p + j p (u2) 

The  bellmouth  velocities  were  computed  via 

u2 

YRt  (47) 

where  only  mean  values  were  considered. 


6.  Mass  Flow  Rates 


Mass  flow  rates  have  been  computed  at  three  locations  in 
the  test  chamber.  These  computations  were  carried  out  to  both 
determine  the  test  chamber  operating  point  and  serve  as  a guide 
to  the  data  accuracy . The  test  chamber  and  bellmouth  mass  flow 
rates  were  computed  from 


m. 


iUidA 


(48) 


with  the  orifice  mass  flow  rate  defined  as 
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m5  - 75.551  d2  \^P(f>5  ' P6J  W9) 

where  d is  the  orifice  diameter  in  ft  » p is  the  fluid  density  at 
3 

p_  and  t_  in  lb  /ft  , p_  and  p,  sire  the  orifice  upstream  and 
5 5 in  5 6 

2 

downstream  pressures  in  lbf/in  and  Fg  is  the  orifice  thermal 
expansion  factor.  Kf  and  Y^  are  the  flow  coefficient  and  ex- 
pansion factor  respectively.  The  expansion  factor,  Y1  can  be 
related  to  the  orifice  geometry  and  pressure  drop  via 

4 

Yx  - 1 - (0.410  + 0.350  dr  ) -y  * (50) 

which  is  valid  for  "flange  taps",  i.e.,  static  pressure  ports 
located  in  the  flanges  immediately  adjacent  to  the  square-edged, 
concentric  orifice.43 


The  flow  coefficient  can  likewise  be  expressed  in  terms 
of  the  flow  area,  orifice  geometry  and  Reynolds  number,  Re. 
For  an  installation  using  flange  taps,  Kf  can  be  written  as 


K ■ K 
f 0 

11 

(51) 

K0  - Ke 

« 6l°6a  » 

10  d + 15a 

(52) 

K 

e 

0.5993  + °-°°7 

. . 0.076,  . 4 
+ (0.364  + ) dr 

*nr 

+ 

,1 

0.4(1. 6 - i)5 

[(0.07  + ^0  - dr] 5/2 

- 

(0.009  + — °34) 

(0  5 - dr)  ^2  + 

vv/  • j ar ) ■ 

t 

(^f-  + 3)  (dr 
D 

- 0.7) 5/2 

(53) 

♦ 

a - d (830 

- 5000dr  + 9000dr2  - 4200dr3  + ^1) 

✓D 

(54) 

where  both  d and  D are  expressed  in  inches  and  represent  the 
orifice  and  pipe  diameter  respectively  - dr  - d/D.  If  any  of 
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ffro  last  three  terms  in  equation  (53)  produce  an  imaginary 
number,  then  that  term  is  set  to  zero. 


Note  that  Re.  can  be  written  as 

U 

D _ 4m_ 

Tidy 


(55) 


which  produces  an  iterative  solution,  in  that,  m must  be  pro 

scribed  to  define  Re.  which  is  in  turn  used  in  the  calculation 

a 

of  Kf  and  then  m.  In  practice,  this  process  converges  very 
rapidly . 


7.  Flow  Quality  Parameters 

A series  of  flow  quality  parameters  were  reviewed  in  depth 
in  Section  I.  All  of  these  were  computed  during  the  course  of 
the  data  reduction  process;  however,  in  the  interest  of  consistency 
and  conformance  to  standard  practice,  a profile  variation  factor 
was  defined  as 

r 'i  1/2 

v{  1561 

V ymean  A 7 

where 

<t>  - i-  / / 4>dA 

unean  h J hJ 

Equation  (56)  minimizes  the  weighting  of  a few  extreme  points 
when  compared  to 


<p  - <J>  , 
max  min 

$ 

mean 


and  yields  values  which  are  more  representative  of  the  property 
profile  as  a whole.  As  a result,  the  parameters  of  equation  (56) 
were  relied  upon  to  characterize  the  profile  variations. 
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Data  Reduction  Computer  Program 


The  program  embodying  these  concepts,  as  well  as,  various 
data  plotting  techniques,  is  presented  in  reference  43. 

H.  Testing  of  the  Baseline  Configuration 

1.  Introduction 

The  overall  objectives  of  the  test  program  were: 

(i)  To  determine  the  flow  quality  and/or  aerodynamic 
characteristics  of  the  test  chamber  for  a series 
of  operating  conditions 

(ii)  To  evaluate  the  performance  of  the  various 

flow  conditioning  elements  at  representative 
operating  points. 

The  characteristics  of  the  baseline  configuration  are  reviewed 
in  this  section. 

2.  Test  Program 

The  test  program  is  outlined  in  Table  6.  Experiments  were 
generally  conducted  in  groups  of  threes  with  the  first  series 
of  tests  carried  out  with  the  inlet  valves  and  bulkhead  removed. 
This  sequence  of  tests  was  to  function  as  a baseline  and 
the  valve  created  flow  disturbances.  The  second  croup  of  three 
tests,  i.e.,  runs  4,  5,  and  6,  simulated  the  configuration  of 
fully  open  valves.  Tests  7,  8,  and  9 utilized  a tank  pressure 
2 

of  6.8  lbf/in  and,  thus,  a valve  Mach  number  of  approximately  1. 

Tests  10,  11,  and  12  were  conducted  at  as  low  a test  chamber 

pressure  as  possible  subject  to  the  limitations  of  the  exhauster 

2 

system.  This  resulted  in  pressures  of  approximately  3.8  lbf/in 

and  valve  Mach  numbers  of  1.5.  Tests  1 through  12  employed  all  the 
available  flow  conditioning  elements,  i.e.,  jet  deflectors, 
flow  straightener , perforated  plate,  and  screens.  These  elements 
and  their  axial  locations  are  shown  in  Figure  28. 
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TABLE  6 


BASELINE  TEST  PROGRAM 


Test 

Corrected 

Bellmouth 

Number 

Mass  Flow 

Rate 

lb  /sec 
m 

Test  Chamber 
Pressure,  lbf/in2 


1 

7.50 

Maximum  Flow  Rate 

Atmospheric 

2 

5.63 

Maximum  Flow  Rate 

Atmospheric 

3 

3.75 

Maximum  Flow  Rate 

Atmospheric 

4 

7.50 

Maximum  Flow  Rate 

Maximum 

5 

5.63 

Maximum  Flow  Rate 

Maximum 

6 

3.75 

Maximum  Flow  Rate 

Maximum 

7 

7.50 

Maximum  Flow  Rate 

6.8 

8 

5.63 

Maximum  Flow  Rate 

6.8 

9 

3.75 

Maximum  Flow  Rate 

6.8 

10 

7.50 

Maximum  Flow  Rate 

3.8 

11 

5.63 

Maximum  Flow  Rate 

3.8 

12 

3.75 

Maximum  Flow  Rate 

3.8 

13 

7.50 

Maximum  Flow  Rate 

3.8 

14 

7.50 

Maximum  Flow  Rate 

3.8 

15 

7.50 

Maximum  Flow  Rate 

3.8 

16 

1.70 

J79  Bellmouth 

Maximum 

17 

1.30 

J79  Bellmouth 

Maximum 

18 

1.70 

J79  Bellmouth 

6.8 

19 

1.30 

J79  Bellmouth 

6.8 

20 

1.70 

J79  Bellmouth 

3.8 

21 

1.30 

J79  Bellmouth 

3.8 

22 

5.63 

Maximum  Flow  Rate 

3.8 

23 

5.63 

Maximum  Flow  Rate 

3.8 

24 

5.63 

Maximum  Flow  Rate 

3.8 

} 

} 

} 

} 

} 


} 

} 

} 


} 


Comments 


Inlet  Valves  Removed 


Atmospheric  Simulation 


Inlet  Valves  Transonic 


Inlet  Valves  Supersonic 

Flow  Conditioning 
Elements  Removed 

Atmospheric 

Simulation 

Inlet  Valves  Transonic 

Inlet  Valves  Supersonic 

Flow  Conditioning 
Elements  Removed 
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Tests  13,  14  and  IS  and  22,  23  and  24  were  aimed  at 
evaluating  the  flow  conditioning  elements.  Both  test  sequences 
were  conducted  at  a test  chamber  pressure  of  approximately 

2 

3.8  lb^/in  but  at  two  flow  rates  — 7.50  and  5.63  lbm/sec 

corrected  respectively.  Tests  13  and  22  were  carried  out  with 
the  screens  removed,  14  and  23  with  the  screens  and  flow  straight- 
ener  removed  and  15  and  24  with  the  screens,  flow  straightener 
and  perforated  plates  removed. 

Tests  16  through  21  utilized  the  J-79  Bellmouth  and 
were  carried  out  with  the  same  test  chamber  pressures  which 
were  employed  previously.  These  experiments  paralleled  runs  4 
through  12  with  16  and  17  corresponding  to  4,  5,  and  6;  18 
and  19  to  7,  8,  and  9;  and  20  and  21  to  10,  11,  and  12.  The 
corrected  mass  flow  rate  has  been  reduced  to  correspond  to  the 
J-79  specifications. 

3.  Data  Accuracy 

The  overall  accuracy  of  the  experimental  data  can  be  assessed 
by  comparing  the  three  independently  determined  mass  flow  rates,  i.e., 
equations  (48)  and  (49) . The  information  is  presented  in 
Figure  29.  The  solid  line  denotes  the  relationship  nh  = m5 

while  the  dotted  lines  indicate  nu  ■ l.lm^  and  riu  ■ 0.9mg.  A 

comparison  of  these  equations  with  the  data  points  shows  that 
the  bulk  of  the  tests  fell  within  the  + 10%  band.  The  majority 
of  the  data  scatter  occurred  at  the  lower  flow  rates.  The 
bulk  of  these  tests  were  carried  out  at  subatmo spheric  pressures. 

These  conditions  taxed  both  the  hot  wire  anemometer  and  the  pressure 
transducers  from  an  accuracy  point  of  view. 

The  test  chamber  total  pressures  are  approximately  equal 
to  the  static  pressure  since  the  test  chamber  velocities  are 
low.  This  implies  that  the  accuracy  is  a function  of  the  pressure 
rather  than  the  velocity  measuring  system.  The  pressure  measurement 
uncertainty  is  approximately  0.1  - 0.25%  using  the  on-line  calibration 
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Figure  29.  Mass  Flow  Rate  Comparison 
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23 

technique.  This  yields  extremely  accurate  values  for  the 
test  chamber  total  pressure;  however,  velocities  and  mass  flow 
rates  computed  from  the  bellmouth  total  and  static  pressures  will 
exhibit  an  uncertainty  of  7 - 17%  as  a result  of  the  aforementioned 
pressure  measurement  constraint. 


In  summary,  the  hot  wire  velocity  measurements  are  accurate 
to  approximately  5 - 10%  throughout  the  mass  flow  rate  and  test 
chamber  pressure  range.  The  bellmouth  total  and  static  pressure 
and  test  chamber  static  pressure  measurements  are  accurate  to 
about  0.1  - 0.25%  yielding  extremely  accurate  test  chamber  total 
pressures.  On  the  other  hand,  the  relatively  low  bellmouth 
velocities  coupled  with  this  pressure  measurement  uncertainty  re- 
sults in  a bellmouth  velocity  uncertainty  of  from  7 - 17%.  This 
uncertainty  falls  rapidly  with  increasing  velocities  and  is  only 
0.5  - 1.5%  at  400  ft/sec. 

4.  Flow  Conditioning  Elements 


The  flow  conditioning  elements  consist  of  jet  deflectors, 
shown  in  Figure  11,  a flow  straightener  section,  a perforated 
plate  and  three  screens  - all  of  which  are  shown  in  Figure  28. 

The  pertinent  geometric  characteristics  for  the  flow  conditioning 
elements  are  given  in  Table  7. 

Screens  and  perforated  plates  will  reduce  velocity  and  pressure 

35 

distortions  and  the  level  of  turbulent  fluctuations.  Batchelor 

and  Shubauer36  have  shown  that  (U')2  and  (V')2  + (W')2  can  be  re- 
duced to  about  0.15  and  0.30  of  their  initial  values  for  k values 
of  approximately  2.  This  result  is  predicated  upon  values  of 

(U * ) 2 + (V1)2  + (W*)2  < < 1 and  may  not  be  quantitatively  correct  if 
this  constraint  is  not  satisfied. 


The  effectiveness  of  the  flow  conditioning  elements  in  re- 
ducing distortion  and  turbulence  will  be  discussed  in  the  ensuing 
sections . 
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TABU  7 


FLOW  CONDITIONING  ELEMENT  GEOMETRIC  CHARACTERISTICS 


Flow  Conditioning 
Element 

Wire  Length 
or  Plate 
Thickness 
in. 

Hore  or 
Wire  Di- 
ameter 
in. 

Length/ 

Diame- 

ter 

Area 

Ratio 

Honeycomb 

5.500 

0.5419 

10.1495 

0.8127 

Perforated  Plate  (Top) 

0.0469 

0.1090 

0.4303 

0.4055 

Perforated  Plate  (Bottom)  0.0469  0.1041  0.4505  0.4924 


Screen  Number  1 0.0357  0.0130  2.7436  0.2720 


Screen  Number  2 0.0374  0.0120  3.1181  0.5161 


Screen  Number  3 0.0374  0.0120  3.1181  0.5161 


0.4039 


0.4614 


0.4614 
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5. 


Maximum  Flow  Rate  Bellmouth  with  Jet  Deflectors,  Flow 
Stralghtener , Perforated  Plate  and  Screens.  Installed 

The  experimental  program  was  initiated  by  evaluating  the 
test  chamber  with  all  the  flow  conditioning  elements  installed. 

This  series  of  experiments  comprises  tests  1 through  12  with  the 
major  parameters  presented  in  Tables  8,  9,  and  10.  Table  8 
summarizes  the  actual  and  corrected  mass  flow  rates  and  the 
mean  static  and  total  pressures.  Table  9 lists  the  mean  velo- 
cities and  turbulence  levels  and  Table  10  gives  the  profile 
variation  factors.  All  three  tables  list  the  inlet  valve  openings. 
Plots  of  the  velocity  and  turbulence  profiles  are  given  in 
reference  44. 

The  first  three  tests,  i.e.,  runs  1,  2 and  3,  were  carried 
out  with  the  inlet  valves  removed.  This  was  done  to  establish 
a baseline  configuration  from  a flow  distortion  point  of  view. 

The  mean  test  chamber  velocities  varied  from  34  to  15  ft/sec  with 
bellmouth  velocities  varying  from  136  to  56  ft/sec.  The  tur- 
bulence level  was  approximately  1.5%  in  all  cases  with  CTp  varying 

from  5 to  1 x 10  5 and  0^2  about  7%  in  all  three  situations. 

It  is  important  to  note  that  the  total  pressure  distortion  or 
variation  is  negligible  by  any  standard.  The  variation  in  squared 
mean  velocity  was  substantially  less  in  the  bellmouth  than  in 
the  test  chamber  in  this  case,  i.e.,  (a^2)  was  approximately 

3 times  less  than  the  test  chamber  values.  It  should  be  noted, 

however,  that  the  reduction  was  less  than  would  be  predicted  by 

45 

classical  theories.  These  techniques  postulate  a reduction 
inversely  proportional  to  the  area  ratio  squared.  This  implies 


(V> 


_b 

tc 


with  Ar  - 4 in  the  present  case.  The  test  chamber  does  not 
directly  correspond  to  the  theoretical  case  since  the  bellmouth 
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•Complete  implies  jet  deflectors,  flow  straightener , perforated  plate  and  three  screens  installed. 
**  90*  denotes  completely  open  and  0*  denotes  completely  closed. 


functions  as  a submerged  inlet  and  this,  coupled  with  measurement 
uncertainties,  may  explain  the  differences. 

Tests  4,  5,  and  6 were  intended  to  simulate  the  condition 
where  all  5 inlet  valves  were  fully  open.  Since  the  valves 
used  in  the  model  are  wot  identical  to  those  used  in  the  full 
scale  facility46  the  model  with  valves  fully  open  did  not  yield 
the  full-scale  test  chamber  pressures.  Consequently,  the  2.4, 

3.6R  and  3.6L  valves  were  adjusted  to  produce  the  desired  pressure. 
As  a result,  these  tests  were  carried  out  at  the  maximum  test 
chamber  pressures  from  a predicted  point  of  view. 

The  major  difference  between  tests  1,  2 and  3 and  4,  5 and  6 
was  in  the  mean  turbulence  leve.  The  Tu  values  were  approximately 
double,  i.e.,  3%,  with  the  profile  variations  at  levels  similar 
to  that  seen  before.  Again  crp  was  negligible  throughout. 


Tests  7,  8 and  9 and  10,  11  and  12  were  undertake  to 
determine  the  effect  of  the  valve  created  disturbances  on  the 
test  chamber  flow  quality.  As  a result,  the  test  chamber  static 
pressures  were  chosen  to  produce  valve  exit  Mach  numbers  which 
were  transonic  and  supersonic  respectively . The  major  change  with 


test  chamber  pressure  is  again  the  turbulence  level 


. f\/(U’)2/uj 


mean 


is  approximately  6%  for  transonic  valve  Mach  numbers  and  about 
10%  for  the  supersonic  case.  Oy2  increases  to  about  13%  in  the 

former  and  16%  in  the  latter  case. 

Note  that  all  test  chamber  variables  are  more  sensitive  to 
changes  in  pressure  level  than  to  variations  in  flow  rates.  This 
is  due  to  the  dependence  of  the  tank  flow  field  on  the  initial 
conditions,  i.e.,  the  valve  exit  flow  fields,  which  at  transonic 
and  supersonic  conditions , tend  to  be  Mach  rather  than  Reynolds 
number  dependent.  It  should  also  be  noted  that  each  operating 
condition  differs  in  that  the  valve  positioning  is  unique.  This 
implies  that  each  operating  condition  yields  a separate  test  chamber 
flow  field.  Each  measured  flow  field  is  unique  on  a macroscopic 
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basis,  however,  certain  general  features  seem  to  prevail  in  most 
cases  and,  thus,  limited  flow  similarity  is  maintained. 

The  effectiveness  of  the  area  contraction  in  removing  the 

velocity  variation  is  also  diminished  in  these  two  cases.  This 

is  the  result  of  large  turbulence  levels  and  length  scales 

tending  to  negate  the  vortex  stretching  mechanism  which  is  effec- 

35 

tive  under  normal  circumstances.  Note  that  the  classic  theories 
regarding  turbulence  dissipation  via  a reduction  in  cross-section 
area  require  that  Tu  < < £/L,  where  £ is  a turbulent  length  scale 
and  L is  the  length  over  which  the  area  change  takes  place.  This 
constraint  is  violated  by  about  an  order  of  magnitude  for 
tests  7-12.  Furthermore,  recourse  to  experimental  data  for  quan- 
tification of  the  dissipation  of  turbulence  by  area  reduction  is 
unlikely  to  prove  fruitful  since  most  information  of  this  type  has 
been  generated  for  wind  tunnel  applications  where  Tu  < 0.01. 

6.  J-79  Bellmouth  with  Jet  Deflectors,  Flow  Straightener, 

Perforated  Plate  and  Screens  Installed 


A series  of  tests  similar  to  that  described  in  Section 

II. H. 5.  was  carried  out  using  the  J-79  bellmouth.  The  results 

of  these  tests  are  presented  in  Tables  11,  12  and  13.  Two 

corrected  mass  flow  rates,  i.e.,  1.7  and  1.3  lb  /sec,  were  em- 

m 

ployed  for  each  of  three  test  chamber  pressures.  Again  the  maxi- 
mum attainable  test  chamber  pressures  were  computed  using  an  inlet 
46 

simulator  and  the  full-scale  valve  geometry.  This  condition  was 
generated  on  the  1/10  scale  model  by  adjusting  the  five  inlet 
valves.  Following  these  two  tests,  runs  16  and  17,  experiments 
were  carried  out  with  test  chamber  pressures  yielding  transonic 
and  supersonic  flows  at  the  valve  exhausts. 

The  tests  utilizing  the  maximum  test  chamber  pressure 

yielded  turbulence  levels  of  approximately  3.5%.  This  is  comparable 

to  tests  4,  5 and  6 with  the  larger  bellmouth.  The  total  pressure 

profile  variations  are  again  very  small,  e.g.,  of  the  order  10  ; 

2 

however,  the  U variations  are  much  larger  - approximately  40%. 
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The  velocity  profile  is  approximately  parabolic  in  these  cases 
leading  to  the  large  values  of  C^z . The  majority  of  this  distortion 
is  suppressed  by  the  substantial  area  contraction  - 0.0178. 

(Ty2  values  within  the  bellmouth  are  approximately  1.2%  yielding 
a reduction  of  about  40  to  1.  Again  this  is  less  than  would  be 
predicted  by  equation  (51)  but  is  more  than  sufficient  to  yield 
acceptable  flow  quality. 


Tests  18  through  21  show  trends  similar  to  those  observed 
with  the  large  bellmouth.  The  total  pressure  variation  is  low 
in  all  cases  with  the  squared  velocity  profile  variation  at 
approximately  the  same  level  for  all  cases.  The  mean  turbulence 
level  increases  from  3.6%  for  the  low  valve  Mach  number  case  to 
approximately  16%  when  the  valve  Mach  number  is  approximately  1. 
This  value  increases  to  around  36%  for  the  minimum  test  chamber 
pressure.  All  the  mean  turbulence  levels  are  influenced  by  the 
predominantly  large  values  near  the  tank  walls.  These  values 
are  plotted  in  reference  44. 

7.  The  Effect  of  Flow  Conditioning  Elements  on  Flow  Oualit 


Tests  13,  14  and  15  and  22,  23  and  24  were  designed  to 
yield  information  concerning  the  effectiveness  of  the  flow  con- 
ditioning elements  in  improving  the  overall  flow  quality.  The 
two  sequences  of  experiments  were  carried  out  at  corrected  flow 

rates  of  7.5  and  5.63  lb  /sec  respectively.  The  test  chamber 

m 2 

pressure  was  approximately  3.8  lbf/in  in  all  six  cases  yielding 
a supersonic  flow  field  at  the  valve  exit. 

these  tests  were  undertaken  by  serially  removing  each  of  the 
flow  conditioning  elements.  The  three  screens  (see  Figure  28) 
were  removed  for  tests  13  and  22.  The  integral  and/or  overall 
properties  are  shown  in  Tables  8,  9,  and  10. 

The  impact  of  the  screens  on  the  aerodynamic  characteristics 
of  the  test  chamber  can  be  ascertained  by  comparing  tests  13 
and  22  with  ejqperiments  10  and  11.  In  both  cases,  the  turbulence 
level  increases  markedly  - by  a factor  of  2.4  in  one  case  and 
3.8  in  the  other,  the  disparity  in  the  increase  in  turbulence 


level  Is  due  to  the  differences  in  screen  Reynolds  number  which 
influences  k and  hence,  the  turbulence  damping.  At  these  velocities 
and  pressures  the  screen  Reynolds  numbers  are  108  for  test  13 
and  81  for  test  22.  This  yields  drag  coefficient  values  of  3.50 
and  3.93  respectively.  Both  the  theoretical  results  of  reference 
35  and  the  data  of  reference  47  would  indicate  that  more  tur- 
bulence damping  should  occur;  however,  the  cited  references  were 
both  restricted  to  Tu  < < 1 and  this  is  not  the  case  in  the  test 
chamber  under  these  conditions. 

The  pressure  profile  variation  increases  by  about  an  order 
of  magnitude  when  the  screens  are  removed  but  still  is  negligible. 
The  dynamic  head  variations  also  increase  markedly  from  0.104 
to  0.541  and  from  0.244  to  0.725  in  the  high  and  low  flow  rate 
cases  respectively. 

Following  the  removal  of  the  screens,  the  test  sequence 
was  repeated  with  the  flow  straightener  removed.  Surprisingly 
this  resulted  in  a further  increase  in  mean  turbulence  level  with 
a slight  decrease  in  velocity  profile  variation.  The  increase 
in  turbulence  levels  could  be  the  result  of  an  ordered  unsteadiness 
rather  than  truly  random,  i.e.,  turbulent,  fluctuations.  If 
this  were  the  case,  the  honeycomb  and/or  flow  straightener  could 
have  been  partitioning  the  flow  field,  thus,  largely  removing 
the  local  zones  of  recirculating  flow. 

The  final  two  tests,  runs  15  and  24,  were  carried  out  with 
all  the  flow  conditioning  elements  removed  with  the  exception  of 
the  jet  deflectors.  These  results  are  likewise  presented  in 
Tables  8,  9,  and  10.  Again  both  Tu  and  increased  with 

Oy2  showing  a slight  decrease.  The  decrease  in  squared  velocity 
variation  is  probably  due  to  the  enhanced  turbulent  diffusion 
resulting  from  the  high  turbulence  levels. 
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i 


I 
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Bellmouth  velocity  measurements  indicate  a moderate  decrease 
in  0^ 2 values  as  a result  of  the  area  contraction.  Preliminary 

turbulence  measurements  in  the  bellmouth  also  indicate  a diminution 
of  Tu  values . 

8.  Summary  of  the  Experimental  Results  for  the  Baseline 

Configuration 

The  experimental  results  can  be  subdivided  into  two  broad 
groups:  those  utilizing  all  the  flow  conditioning  elements  and 
those  tests  wherein  the  flow  conditioning  elements  were  sequentially 
removed.  In  the  former  case,  the  total  pressure  variation,  i.e., 
ap  is  negligible  in  all  cases.  The  dynamic  head  variation, 
on  the  other  hand,  increases  from  0.0740  with  the  inlet  valves 
removed  to  0.1620  for  the  lowest  test  chamber  pressure. 

In  addition  to  the  0^2  values,  the  mean  turbulence  level 
increases  from  0.0149  to  0.0983  with  decreasing  tank  pressures 
for  the  large  bellmouth.  Both  Tu  and  0^2  will  be  damped  during 
the  transition  from  the  test  chamber  to  the  bellmouth.  Unfortunately 
the  magnitude  of  the  reduction  is  less  than  would  be  predicted  by 
either  the  classic  theories  or  prior  wind  tunnel  experiments.  This 
may  be  due  to  both  the  magnitude  and  scale  of  the  turbulence  as 
well  as  the  utilization  of  a submerged  inlet. 

Similar  results  were  obtained  for  the  test  chamber  with  the 
J-79  bellmouth  installed.  Higher  values  of  0y2  and  Tu  were  obtained 
but  greater  damping  - at  least  in  the  former  case  - was  exhibited 
due  to  the  substantial  area  reduction. 

As  the  flow  conditioning  elements  are  removed,  the  total 
pressure  variation,  the  squared  velocity  variation  and  the  turbulence 
level  increase  markedly.  The  total  pressure  distortion  is  still 
well  within  compressor  requirements.  The  dynamic  head  variation 
is  now  about  10  times  greater  than  the  treated  test  chamber  values 
and  exceeds  the  reference  48  recommendations  by  a factor  of  10 
to  15. 
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The  turbulence  levels  also  are  extremely  high  and  are 

49 

clearly  unacceptable  for  compressor  testing.  Turbulence  levels 
in  axial  flow  compressors  have  been  measured  by  Schlichting  and 
50  29 

Das  and  deHaller.  These  works  show  maximum  values  of  Tu 
from  6-8%  with  inlet  values  of  1%  occurring  in  a multistage 
compressor.  The  test  chamber  sans  flow  conditioning  would  yield 
inlet  values  of  Tu  at  least  10  - 20  times  as  great  as  the  generated 
values.  This  would  undoubtedly  influence  the  performance  of  the 
compressor50'51  and  degrade  measurement  accuracy  and  is  thus 
unacceptable . 

Modification  of  the  Compressor  Research  Facility  1/10  Scale 
Model  to  Accommodate  a Compressor  Simulator 

1 . Introduction 


As  noted  in  Section  II.  D,  the  1/10  scale  model  test  con- 
ditions are  controlled  by  means  of  a facility  control  valve  and 
the  five  test  chamber  inlet  valves.  The  former  regulates  the 
mass  flow  rate,  while  the  latter  controls  the  test  chamber  pres- 
sure. Under  some  conditions,  the  mass  flow  rate  control  valve  is 
choked,  i.e.,  sonic  conditions  exist,  and  disturbances  cannot 
propogate  upstream  of  the  valve  itself.  Under  other  conditions  — 
particularly  low  test  chamber  pressures  — the  valve  is  operated 
in  the  subsonic  regime  and  exhauster  generated  disturbances  can 
possibly  influence  the  test  chamber  and  bellmouth  flow  fields. 

In  an  effort  to  eliminate  any  possibility  of  downstream  influences 
on  the  bellmouth  flow  fields,  a perforated  plate  or  compressor 
simulator  was  designed  for  insertion  between  the  bellmouth  and 
rear  test  chamber  bulkhead.  The  plate  was  operated  at  sonic 
conditions,  thus  eliminating  the  possibility  of  forward  propogation 
of  disturbances. 

2.  Design  of  the  Sonic  Plate 

The  perforated  plate  was  designed  on  the  basis  of  a choked 
orifice.  The  mass  flow  rate  per  unit  area  can  be  defined  as 
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The  discharge  coefficient  is  a weak  function  of  Reynolds 
number  and  geometry,  but  has  a value  near  0.6  for  sharp-edged 
orifices  under  normal  conditions.  Prior  experience  with  perforated 
plates  indicate  that  somewhat  higher  discharge  coefficients 
result,  i.e.,  in  the  range  of  0.70  to  0.80.  These  values  were 
employed  in  the  design  of  the  perforated  plates. 


3 . The  Modified  Bellmouth  Units 


The  modified  bellmouth  systems  are  shown  in  Figures  30 
through  37.  The  perforated  plate  is  bolted  to  the  rear  bulkhead. 

A cylindrical  spacer  occupies  a short  distance  between  the  bellmouth 
and  perforated  plate  and  contains  supports  for  the  traversing 
system.  The  traversing  system  consists  of  a .250"  diameter  tube 
which  passes  through  holes  in  the  tank  and  cylindrical  spacer . 

These  holes  are  sealed  around  the  tube.  A slot  three  inches  long, 
milled  into  the  tube,  allows  the  insertion  of  the  hot  wire  probe  and 
support.  The  position  of  the  hot  wire  is  slightly  upstream  of 
the  bellmouth  throat.  There  are  two  sets  of  holes  in  the  spacer 
and  tank  to  allow  traverses  at  right  angles  to  each  other.  This 
allows  the  measurement  of  turbulence  and  velocity  uniformity  at 
the  location  of  the  test  item  itself. 

A one  quarter  inch  thick  disc  supports  the  circular  perforated 
plates,  which  can  be  up  to  1/8  inch  thick.  Two  bars  support  the 
perforated  plates,  Figure  38,  to  assure  that  no  fragments  pass 
into  the  air  moving  equipment  downstream.  These  provide  an 
additional  blockage  of  slightly  under  5%  of  flow  cross  sectional 
area,  but  are  judged  a useful  safety  feature. 

The  six  inch  bellmouth  and  exit  cone  as  shown  in  Figure  39 
were  too  long  to  be  assembled  as  one  unit.  Provision  was  made 
to  attach  the  exit  diffuser  independently  to  the  test  chamber 
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Figure  31.  Modified  1/10  Scale  Model  with  the  12"  Bellmouth  p[RroRATCD  PLATE.  ASSEMBLY 

COMPRESSOR  RE5EARC H FACILITY 
'/io  SCALE  M00EL 


Figure  36.  Rear  bulkhead  assembly  with  the  compressor  bellmouth 
installed. 


Rear  bulkhead  assembly  showing  the  location  of  the 
hot  wire  anemometer  probe  relative  to  the  perforated 


bulkhead,  to  which  the  perforated  plate  and  be 11 mouth  assembly 
could  be  attached,  thereby  simplifying  assembly  procedures. 

4.  Test  Program 

The  objectives  of  this  portion  of  the  test  program  were: 

1)  Evaluate  the  performance  of  test  chamber  both 
with  and  without  a choke  plane 

2)  Evaluate  the  flow  quality  in  the  12  inch  bellmouth 
with  and  without  a choke  plane 

3)  Determine  flow  quality  and  aerodynamic  charac- 
teristics for  a series  of  operating  conditions. 

Particularly,  two  corrected  mass  flow  rates  (6.8  and 

4.5  lb  /sec)  were  employed,  with  several  chamber  pressures 
m 

corresponding  to  each  corrected  mass  flow.  All  tests  used  the 
12  inch  bellmouth.  Table  14  summarizes  the  test  program. 

5.  Experimental  Results 

Tables  15  and  16  document  the  experimental  results.  Listed 
are  the  experimental  configurations,  the  corrected  and  actual 
flow  rates,  mean  static  pressure,  mean  total  pressure,  mean 
turbulence  level,  and  mean  velocity  in  the  bellmouth  and  in  the 
test  chamber.  Table  16  lists  a series  of  distortion  parameters 
defined  in  Section  II. G. 7. 

The  results  as  shown  in  Tables  15  and  16  are  internally 
consistent  regarding  pressures.  In  a few  cases,  however,  the 
bellmouth  total  pressure  exceeds  the  tank  total  pressure,  an 
improbable  situation.  One  expects  a small  drop  from  tank  to 
bellmouth.  The  difference  is  very  small,  on  the  order  of 
0.1%  of  total  pressure,  so  that  the  difference  is  of  the  type 
normally  associated  with  instrument  error  and  normal  scatter. 

A comparison  of  tests  number  1 through  4 (choke  plane 
installed  in  bellmouth)  with  tests  number  5 through  8 (open  bell- 
mouth, no  choke  plane)  seems  to  indicate  that  the  effect  of  the 
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choke  plane  gives  a alight  drop  in  turbulence  both  in  the  test 
chamber  and  bellmouth  and  slight  improvement  in  uniformity  of 
flow  (a  decrease  in  spatial  variations) . Tests  numbered  1 to 

8 all  concerned  a corrected  mass  flow  of  about  4.5  lb/sec.  A 
comparison  of  tests  numbered  16  through  19  with  tests  numbered 
20  through  22  show  the  equivalent  comparison  at  a corrected 
mass  flow  of  about  6.8  lb/sec.  NO  clear  trend  appears  here  with 
regard  to  turbulence  level,  either  in  the  test  chamber  or  bell- 
mouth.  Overall,  it  appears  that  the  presence  of  the  choke  plane 
has  no  significant  effect  on  the  flow  in  the  test  chamber  or 
the  bellmouth  three  inches  upstream  of  the  choke  plane. 

The  contraction  in  area  experienced  by  the  flow  from  test 
chamber  to  bellmouth  improved  the  flow  significantly  as  expected. 

The  reduction  was  not  as  great  as  predicted  by  Batchelor  in 
reference  30,  however,  Batchelor's  theory  assumes  low  level 
homogeneous  turbulence.  Figure  40  details  comparison  of  Bat- 
chelor's theory  with  test  results. 

Tests  number  12  to  15  concern  a configuration  with  choke 
plane  installed  but  without  choked  flow.  Comparison  with  tests 
number  1 to  4 shows  that  this  unchoked  mode  of  operation  also 
has  no  significant  effect  on  either  turbulence  or  uniformity 
of  flow. 

Table  14  gives  the  valve  settings  of  the  inlet  valves  for 
each  test  number.  These  valve  setting  schedules  can  have  an 
effect  on  downstream  flow,  as  they  control  the  spatial  variation 
of  the  flow  in  the  upstream  areas  of  the  test  chamber.  Tests 
number  9 to  11  used  the  design  valve  schedule  which  opens  some 
valves,  while  leaving  others  closed  in  such  a manner  as  to  in- 
troduce a large  spatial  variation  of  velocity.  Tests  number 

9 to  11  may  be  compared  directly  to  tests  number  6 to  8,  respectively. 
The  design  valve  schedule  caused  significant  increases  in  turbulence 
in  the  test  chamber  and  bellmouth,  and  general  loss  of  uniformity 

of  flow  parameters . The  schedule  of  inlet  valve  opening  appears 
to  be  an  area  of  great  improvement  potential  with  regard  to  flow 
quality. 


Theory,  Homogenous  Turbulence 
by  Batchelor 
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Figure  40.  Prediction  of  Turbulence  Levels  in  1/10  Scale  Model 


The  following  general  conclusions  can  be  drawn: 


f 


J. 


1)  The  choke  plane  had  little  effect  on  flow 
quality. 

2)  The  inlet  valve  schedule  had  a significant 
effect  on  flow  quality. 

3)  Bellmouth  flow  quality  is  significantly  better 
than  tank  flow  quality. 

Comparison  of  a Flow  Centering  Device  and  Auxiliary  Test  Chamber 
for  Controlling  Flow  Development  in  the  1/10  Scale  Model 

1 . Introduction 


Initially  testing  emphasized  the  baseline  test  chamber 
configuration  and  the  effect  of  a choke  plane  and/or  compressor 
simulator  on  flow  quality.  It  has  been  pointed  out  that  the 
inlet  valve  generated  distortions  and  turbulence  propogate  down 
the  test  chamber  and  into  the  bellmouth.  Neither  a treated  or 
untreated  chamber  would  meet  the  flow  quality  guidelines  discussed 
in  Section  I. 

Additional  testing  with  a choke  plane  installed  indicated 
that  upstream  propogating  disturbances  had  little  if  any  effect 
on  bellmouth  flow  quality. 

With  this  background  information,  two  flow  conditioning  sys- 
tems were  formulated  for  experimental  evaluation.  The  objective 
of  the  test  program  was  to  select  the  more  promising  of  the  two 
devices  for  additional  development  — hopefully  arriving  at  a sys- 
tem which  would,  in  fact,  meet  the  flow  quality  goals.  The  two 
systems  and  the  test  results  are  discussed  in  the  ensuing  sections. 

2.  Test  Program 

As  noted  above,  two  specific  flow  conditioning  systems  were 
designed  for  evaluation  in  the  1/10  scale  model.  In  general  terms, 
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the  systems  consisted  of  an  auxiliary  test  chamber  or  barrel  and  a 
flow  centering  device  or  diffuser.  The  specific  configurations 
evaluated  were: 

1)  Barrel,  Modification  1 - a cylinder  of  14.4  inches 
diameter  and  20.4  inches  length  forms  an  aerodynamic 
path  at  the  bellmouth  inlet.  The  front  face  of  the 
barrel  supports  a flow  straightener  and  two  screen 
holders . 

2)  Barrel,  Modification  2 -a  configuration  identical  to 
Modification  1,  except  that  two  screens  are  now  located 
in  the  barrel.  Figure  41  indicates  Modifications  1 
and  2 to  the  barrel.  Figure  42  is  a photograph  of 

the  barrel  with  the  screens  installed. 

3)  Barrel,  Modification  3 - the  same  as  Modification  2 
with  the  addition  of  an  inlet  bellmouth  on  the  barrel. 

4)  Barrel,  Modification  4 - Modification  3 with  the 
barrel  bellmouth  smoothed  in  an  attempt  to  lower 
boundary  layer  turbulence. 

5)  Flow  Centering  Device,  Modification  1 - an  entrance 
cone  of  120°  included  angle,  leading  to  a cylindrical 
section,  leading  to  an  exit  diffuser.  The  diffuser 
shown  in  Figure  43  consists  of  three  nested  cones, 
the  largest  of  which  has  a 60°  included  angle.  A 
flow  straightening  section  in  the  cylindrical  sections 
consists  of  packed  3/4"  diameter  thin  wall  conduit 
and  six  inch  length  and  recessed  from  the  inlet 

1/2  inch.  A perforated  plate  (1/8  inch  diameter  holes 
on  3/16  inch  spacing  in  an  equilateral  triangular 
pattern)  is  located  within  the  entrance  cone  as  shown 
in  Figure  44.  The  entire  assembly  sits  in  the  test 
chamber  aft  of  the  front  bulkhead,  containing  the  inlet 
valves  and  corebusters. 

6)  Flow  Centering  Device,  Modification  2 - is  the  same  as 
Modification  1 with  the  exception  of  the  diffuser.  Hie 
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Figure  41.  Schematic  of  Barrel  Flow  Conditioning  Device 


Figure  43.  Schematic  of  Flow  Centering  Device 


I 


diffuser  consists  of  four  nested  cones,  the  largest 
having  an  included  angle  of  112*.  This  arrangement 
has  the  advantage  of  being  shorter,  but  the  compli- 
cation of  an  additional  cone.  Figure  43  gives  details, 
Figure  45  an  axial  view,  and  Figure  46  a lateral 
view  of  the  device.  Tests  were  run  with  and  without 
a perforated  plate  (of  pattern  described  above)  at 
the  diffuser  outlet. 

7)  Flow  Centering  Device,  Modification  3 - differs  from 
Modification  2 only  in  the  presence  of  two  perforated 
plates  (pattern  described  above)  in  the  exit  diffuser, 
and  the  removal  of  the  inner  cones.  The  first  of 
these  is  at  the  18"  diameter  location;  the  second 

at  23-1/4  inches. 

8)  Flow  Centering  Device,  Modification  3a  - differs  from 
Modification  3 only  in  the  absence  of  a perforated 
plate  at  the  23-1/4  Inch  diameter  location  in  the 
exit  diffuser. 

9)  Flow  Centering  Device,  Modification  4 - differs  from 
Modification  3a  via  the  presence  of  a modified  entrance 
section.  The  entrance  cone  has  been  replaced  by  a 
full  face  bulkhead  with  a hole  in  the  center.  A short 
cylinder  connects  the  cone  to  the  original  flow 
straightener . This  connecting  cylinder  contains  two 
perforated  plates  of  0.161  inch  hole  diameter  on  3/16 
inch  spacing  in  an  equilateral  triangle  array,  one 

at  1/4  inch,  the  other  at  1-3/4  inch  from  the  bulkhead. 
In  addition,  corebusters  were  removed  from  the  inlet 
valves . 

10)  Flow  Centering  Device,  Modification  5 - Modification  3 
with  three  perforated  plates  in  the  entrance  cone, 
one  perforated  plate  in  the  exit  cone,  and  two  screens 
downstream  in  the  test  chamber.  The  perforated 
plates  in  the  entrance  cone  have  diameters  of  19,  15 
and  11  inches.  A perforated  plate  of  17  inch  diameter 


1 


1 
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Figure  45.  Flow  Centering 
Device  Showing  Diffuser  of 
Nested  Cones 


Figure  44.  Entrance  Cone  and 
Perforated  Plate  of  Flow  Cen- 
tering Device 


Figure  46.  Lateral  View  of  Flow  Centering 
Device,  Modification  2 


1 


sits  at  the  exit  cone  and  the  three  inner  cones  are 
removed.  Two  screens  are  placed  6 and  9 inches  down- 
stream of  the  exit  cone. 

11)  Flow  Centering  Device,  Modification  6 - Modification  5 
with  the  exit  cone  of  Modification  2.  At  the  exit  cone 
is  placed  a honeycomb  straightener  of  6 inch  length  and 
covering  the  entire  tank  diameter.  The  honeycomb  is 

of  hexagonal  pattern  with  face-to-face  dimension  of 
5/32  inch.  Screens  are  placed  3 and  6 inches  downstream 
of  the  honeycomb  straightener. 

12)  Front  End  Device,  Modification  1 - consists  of 
perforated  plates  covering  the  entire  tank  diameter 
at  5,  6 and  15  inches  from  the  tank  front  bulkhead 
joint,  the  honeycomb  mentioned  above  between  16  and 
22  inches  and  screens  at  22  and  25  inches  from  the 
joint. 

13)  Front  End  Device,  Modification  2 - consists  of  a 
venturi  bank  from  5 to  10  inches  from  the  bulkhead 
joint  and  a perforated  plate  at  13  inches.  The  venturi 
banks  consist  of  a supporting  plate  made  up  of  19 
venturis  of  2-9/16  inch  inlet  diameter  on  2-3/4  inch 
spacing . 

14)  Front  End  Device,  Modification  3 - similar  to  Modi- 
fication 2,  but  in  addition  contains  another  perforated 
plate  and  2 screens  downstream  of  the  venturi  bank . 

15)  Barrel,  Modification  5 - installation  of  a flow 
straightening  element  immediately  downstream  of  the 
last  screen.  This  provides  a structural  support  for 
the  final  screen  assembly  and  minimizes  the  chance 

of  screen  ingestion  by  the  compressor  in  the  event  of 
a failure. 

Tables  17  and  18  give  an  overview  of  this  portion  of  the 
test  program  with  regard  to  the  flow  conditioning  element  config- 
uration . 
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Experimental  Results 


Tables  19  and  20  sunmarize  the  experimental  results. 

Listed  are  date,  test  number,  configuration,  corrected  and 
actual  mass  flowrates,  mean  static  and  total  pressures,  mean 
turbulence  levels  and  mean  velocities  in  both  the  bellmouth 
and  test  chamber.  Distortion  parameters  are  also  presented. 

On  several  runs,  data  are  incomplete.  The  installation 
of  the  flow  conditioning  devices  in  some  cases  precluded  the 
possibility  of  a hot  wire  traverse  of  the  test  chamber.  In 
these  cases,  the  average  chamber  values  are  deleted. 

Figures  47  through  54  show  in  detail  the  distribution 
of  turbulence  and  velocity  from  the  hot  wire  traverses.  Data 
is  presented  for  tests  3045  through  3048  and  3065  through 
3068.  Additional  plots  of  all  the  data  of  Tables  19  and  20 
are  continued  in  references  53,  54,  and  55. 

Four  figures  correspond  to  each  test  point.  The  mean 
velocity  and  turbulence  level  are  presented  for  the  test  chamber 
and  bellmouth.  The  maximum  value  of  each  parameter  is  given 
in  the  figure  legend.  All  variables  are  non-dimensionalized 
with  maximum  values  and  thus  are  scaled  from  0 to  1.  The 
station  numbers  are  also  noted.  The  parameter  value,  i.e., 

<p/<p  , at  the  outer  most  radial  position  is  also  presented 

max 

on  each  figure.  The  valve  location  relative  to  the  traverse 
is  shown  in  Figure  17.  Note  that  the  velocity  profiles  in  the 
test  chamber  are  approximately  parabolic  while  those  in  the 
bellmouth  are  fairly  flat.  The  turbulence  profiles  are  more 
irregular  with  a substantial  reduction  in  mean  value  in  the 
bellmouth. 

Comparison  of  runs  with  an  enpty  test  chamber  to  those  with 
flow  conditioning  elements  shows  that  the  elements  do  inprove 
flow  quality  with  regard  to  turbulence  level  in  the  bellmouth. 


EXPERIMENTAL  RESULTS  FOR  THE  BASIC  BARREL  CONFIGURATIONS 
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90 

90 

52 

14 

0 

4.43 

4.43 

3.99 

4. 36 

26.1 

407 

3105 

6-22-76 

1.77 

2. 34 

90 

90 

65 

23 

0 

11.20 

10.96 

11.13 

170 

3106 

6-22-76 

1.51 

2.20 

90 

90 

52 

13 

0 

9.79 

9.58 

9.73 

166 

3107 

6-22-76 

FCD  6 

1.07 

2.17 

90 

75 

28 

0 

0 

7.28 

7.13 

7.23 

157 

3108 

6-22-76 

0.60 

2.00 

90 

40 

19 

0 

0 

4.36 

4.40 

142 

3115 

6-22-76 

2.57 

3.46 

90 

90 

90 

43 

7 

11.23 

10.75 

11.12 

251 

3126 

6-22-76 

2.22 

3.42 

90 

90 

82 

20 

0 

9.79 

9.38 

9.70 

249 

3117 

6-22-76 

1.63 

3.40 

90 

90 

49 

19 

0 

7.22 

6.91 

7.14 

247 

3118 

6-22-76 

0.95 

3.24 

90 

67 

18 

0 

0 

4.42 

4.23 

4.35 

232 

3125 

6-22-76 

m 

_ 

3.97 

5.75 

90 

90 

90 

73 

37 

11.19 

10.00 

10.96 

411 

3126 

6-22-76 

- 

1 3.47 

5.70 

90 

90 

90 

57 

22 

9.82 

8.81 

9.64 

407 

3127 

6-22-76 

Barrel  2 

2.54 

5.66 

90 

90 

90 

31 

0 

7.25 

6.48 

7.07 

402 

3128 

6-22-76 

1.51 

5.60 

90 

90 

47 

13 

0 

4.  3f 

3.89 

4.26 

405 

3165 

6-22-76 

1.72 

2.26 

90 

90 

65 

22 

0 

11.22 

10.98 

11.14 

164 

3166 

6-22-76 

Front  End  3 

I 1.60 

2.43 

90 

90 

52 

12 

0 

9.78 

9.54 

9.70 

179 

3167 

6-22-76 

| 1.12 

2.27 

90 

75 

21 

0 

0 

7.25 

7.11 

7.21 

160 

3168 

6-22-76 

0.60 

2.00 

90 

40 

15 

0 

0 

4.40 

4.32 

4. 37 

145 

3170 

6-22-76 

L 

1 0.98 

3.28 

90 

67 

18 

0 

0 

4.52 

4. 34 

4.47 

233 

3188 

6-22-76  C 

Front  End  1 

3 

I 1.50 

5.37 

90 

90 

46 

13 

0 

4.52 

4.05 

4.  38 

380 

4015 

6-10-76 

1.88 

2.48 

90 

90 

66 

21 

0 

11.20 

11.20 

11.00 

11.20 

11.6 

181 

4017 

6-10-76 

1 1.11 

2.13 

90 

75 

23 

0 

0 

7.64 

7.64 

7.53 

7.63 

10.4 

155 

4018 

6-10-76 

1 0.87 

3.00 

90 

40 

12 

0 

0 

4.26 

4.27 

4.24 

4.31 

14.4 

215 

4075 

6-24-76 

1.83 

2.40 

90 

90 

65 

21.5 

0 

11.19 

11.20 

11.00 

11.18 

11.5 

174 

4076 

6-24-76 

1.62 

2.4*. 

90 

90 

52 

14 

0 

9.71 

9.71 

9.54 

9.70 

11.  < 

178 

4077 

6-24-76 

Front  End  ) 

1 1.17 

2.42 

90 

75 

25 

0 

0 

7.13 

7.13 

7.01 

7.13 

11.7 

175 

4070 

6-24-76 

0.66 

2.21 

90 

40 

19 

0 

0 

4.36 

4.37 

4.29 

4. 35 

10.0 

154 

4008 

6-24-76 

j 0.95 

3.26 

90 

67 

20 

0 

0 

4.35 

4.35 

4.21 

4.33 

15.6 

234 

4090 

6-24- 76 

_ 

_ 

1.56 

5.78 

90 

90 

47 

7.5 

0 

4.  30 

4.30 

3«M 

4.27 

24.6 

398 

4135 

♦ -24-  ’’f 

- 

“ 

1 1.76 

2.32 

90 

90 

65 

22 

0 

11.14 

11.14 

10.95 

11.12 

11.8 

169 

4136 

i - 2#-7* 

1.62 

2.46 

90 

90 

52 

15.5 

0 

9.71 

9.71 

9.54 

o.71 

12.1 

178 

4137 

6-24-76 

Front  End  2 

1.07 

2.22 

90 

75 

23.5 

0 

0 

7.09 

7.09 

6.98 

7.08 

11.3 

162 

41  38 

6-24-76 

1 0.65 

2.27 

90 

40 

16.5 

0 

0 

4.18 

4.18 

4.12 

4.18 

11.8 

164 

4148 

6-24-76 

| 0.96 

3.52 

90 

67 

21.5 

0 

0 

4.07 

4.07 

3.93 

4.07 

17.2 

252 

4158 

<£> 

r- 

V 

r<i 

1 

•C 

_ 

1.54 

5.91 

90 

90 

46.5 

15 

0 

4.16 

4.16 

3.76 

4.14 

28.2 

416 
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TABLE  19 

EXPERIMENTAL  RESULTS  FOR  THE  BASIC  BARREL  CONFIGURATIONS 


0 

D 

D 

0 

10 

l 

s 

*o 


Valve  Setting 

20  24  36L 

36R 

(ptc'« 

Xbj/in2 

(P  ) 
tc  tn 

lb^/in2 

<pb>„ 

lb^/in2 

<V» 

Ib^/in2 

ft/sec 

<V. 

ft/*ec 

(Tu  ) 
tc  m 

% 

<TVm 

% 

<V>t= 

(Vb 

^tc 

Tub  TVTutc 

90 

65 

24 

0 

11.17 

11.18 

10.98 

11.16 

11.2 

175 

6.9 

0.6 

.049 

.016 

.18 

.31 

.08 

90 

52 

15 

0 

9.74 

9.74 

9.57 

9.74 

11.3 

180 

18.2 

0.8 

.062 

.020 

.22 

.24 

.04 

90 

13 

0 

0 

7.20 

7.20 

7.09 

7.19 

10.1 

162 

39.5 

1.1 

.120 

.012 

.07 

.20 

.06 

40 

15 

0 

0 

4.38 

4.38 

4.32 

4.  38 

9.8 

160 

30.9 

1.8 

.279 

.014 

.20 

.12 

.06 

90 

49 

20 

0 

7.17 

7.17 

6.92 

7.16 

16.0 

252 

32.7 

0.8 

.098 

.013 

.08 

.20 

.02 

67 

20 

0 

0 

4.31 

4.31 

4.17 

4.29 

14.9 

234 

36.7 

1.4 

.283 

.009 

.05 

.20 

.04 

90 

90 

34 

0 

7.16 

7.16 

6.52 

7.15 

24.7 

411 

5.5 

1.3 

.076 

.017 

.17 

.28 

.23 

90 

47 

16 

0 

4.27 

4.27 

3.87 

4.26 

25.8 

418 

24.8 

1.0 

.084 

.008 

.29 

.13 

.04 

not  recorded 

11.19 

11.19 

11.00 

11.18 

11.2 

174 

5.3 

0.5 

.075 

.020 

.26 

.27 

.09 

90 

52 

12 

0 

9.72 

9.72 

9.56 

9.72 

11.2 

178 

23.4 

0.6 

.084 

.018 

.17 

.26 

.03 

75 

22 

0 

0 

7.49 

7.49 

7.39 

7.49 

9.8 

155 

43.9 

0.9 

.127 

.013 

.05 

.26 

.02 

not  recorded 

4.31 

4.31 

4.25 

4.30 

9.0 

148 

36.1 

1.4 

.273 

.019 

.14 

.13 

.04 

90 

65 

20 

0 

11.25 

11.00 

11.17 

169 

0.4 

.022 

.09 

not  recorded 

9.80 

9.58 

9.74 

176 

0.5 

.022 

.08 

75 

26 

0 

0 

7.30 

7.15 

7.24 

158 

0.8 

.019 

.13 

40 

18 

0 

0 

4.40 

4.32 

4. 38 

160 

1.0 

.016 

.23 

90 

90 

43 

5 

11.23 

10.72 

11.08 

252 

0.3 

.019 

.06 

90 

82 

20 

0 

9.85 

9.39 

9.70 

248 

0.4 

.020 

.10 

90 

49 

20 

0 

7.22 

6.90 

7.12 

247 

0.6 

.020 

.09 

67 

22 

0 

0 

4.38 

4.19 

4.32 

243 

0.9 

.015 

.15 

90 

90 

73 

23 

11.17 

9.91 

10.89 

417 

0.4 

.021 

.15 

90 

90 

57 

18 

9.77 

8.70 

9.54 

411 

0.5 

.013 

.12 

90 

90 

33 

0 

7.28 

6.49 

7,09 

405 

0.5 

.016 

.18 

90 

47 

16 

0 

4.54 

4.06 

4.41 

390 

0.6 

.014 

.13 

90 

65 

26 

0 

11.20 

10.95 

11.12 

170 

0.4 

.022 

.16 

90 

52 

16 

0 

9.65 

9.44 

9.59 

173 

0.5 

.022 

.10 

75 

29 

0 

0 

7.39 

7.23 

7.33 

156 

0.8 

.020 

.27 

40 

20 

0 

0 

4.41 

4.32 

4. 36 

131 

1.0 

.016 

.22 

90 

90 

43 

5 

11.09 

10.60 

10.98 

248 

0.4 

.29 

90 

82 

22 

0 

9.86 

9.43 

9.72 

238 

0.4 

.019 

.32 

90 

49 

19 

0 

7.32 

7.04 

7.25 

237 

0.6 

.019 

.15 

67 

25 

0 

0 

4.53 

4.34 

4.48 

242 

1.0 

.019 

.15 

90 

65 

20.5 

0 

11.67 

11.67 

11.48 

11.63 

10.9 

155 

7.2 

0.7 

.421 

.022 

.37 

.24 

.10 

90 

52 

11 

0 

9.77 

9.77 

9.59 

9.75 

11,9 

173 

9.4 

1.3 

.403 

.022 

.25 

.60 

.13 

75 

21.5 

0 

0 

7.20 

7.20 

7.07 

7.17 

10.8 

158 

14.4 

2.9 

.371 

.024 

.63 

.43 

.20 

40 

15 

0 

0 

4.42 

4.42 

4.35 

4.39 

10.2 

130 

48.6 

3.9 

.724 

.028 

.36 

.22 

.08 

90 

90 

73 

23 

11.26 

11.26 

10.12 

11.07 

26.6 

407 

5.2 

1.3 

.404 

.020 

.43 

.46 

.25 

90 

90 

57 

15.5 

9.92 

9.92 

8.96 

9.78 

26.5 

403 

7.5 

1.9 

.419 

.021 

.27 

.35 

.25 

90 

90 

33 

0 

7.23 

7.23 

6.49 

7.31 

30.7 

467 

8.6 

1.9 

.393 

.022 

.17 

.28 

.22 

90 

52 

14 

0 

4.43 

4.43 

3.99 

4.36 

26.1 

407 

11.0 

2.1 

.359 

.019 

.29 

.14 

.19 

90 

65 

23 

0 

11.20 

10.96 

11.13 

170 

0.3 

.018 

.16 

90 

52 

13 

0 

9.79 

9.58 

9.73 

166 

0.3 

.016 

.18 

75 

28 

0 

0 

7.28 

7.13 

7.23 

157 

0.4 

.014 

.17 

40 

19 

0 

0 

4.36 

4.40 

142 

0.6 

.015 

.42 

90 

90 

43 

7 

11.23 

10.75 

11.12 

251 

0.3 

.021 

.21 

90 

82 

20 

0 

9.79 

9.  38 

9.70 

249 

0.4 

.026 

.23 

90 

49 

19 

0 

7.22 

6.91 

7.14 

247 

0.4 

.012 

.28 

67 

18 

0 

0 

4.42 

4.23 

4.35 

232 

0.6 

.010 

.22 

90 

90 

73 

37 

11.19 

10.00 

10.96 

411 

0.5 

.042 

.19 

90 

90 

57 

22 

9.82 

8.81 

9.64 

407 

0.5 

.029 

.13 

I 

90 

90 

31 

0 

7.25 

6.48 

7.07 

402 

0.5 

.014 

.30 

-| 

90 

47 

13 

0 

4.  36 

3.89 

4.26 

405 

0.6 

.013 

.26 

90 

65 

22 

0 

11.22 

10.98 

11.14 

164 

0.3 

.025 

.21 

90 

52 

12 

0 

9.78 

9.54 

9.70 

179 

0.4 

.023 

.10 

75 

21 

0 

0 

7.25 

7.11 

7.21 

160 

0.5 

.019 

.19 

40 

15 

0 

0 

4.40 

4. 32 

4.37 

145 

0.8 

.017 

.34 

67 

18 

0 

0 

4.52 

4. 34 

4.47 

233 

0.7 

.017 

.19 

90 

46 

13 

0 

4.52 

4.05 

4.38 

380 

0.6 

.018 

.16 

90 

66 

21 

0 

11.20 

11.20 

11.00 

11.20 

11.6 

181 

19.2 

0.7 

.088 

.021 

.34 

.17 

.04 

75 

23 

0 

0 

7.64 

7.64 

7.53 

7.63 

10.4 

155 

49.9 

1.0 

.217 

.038 

.18 

.19 

.02  | 

40 

12 

0 

0 

4.26 

4.27 

4.24 

4.31 

14.4 

215 

53.2 

1.5 

.457 

.022 

.13 

.12 

.03  : 

90 

65 

21.5 

0 

11.19 

11.20 

11.00 

11.18 

11.5 

174 

5.5 

0.9 

.073 

.022 

.22 

.54 

.17 

90 

52 

14 

0 

9.71 

9.71 

9.54 

9.70 

11.4 

178 

6.5 

0.9 

.163 

.021 

.17 

.35 

.13 

75 

25 

0 

0 

7.13 

7.13 

7.01 

7.13 

11.7 

175 

10.7 

1.5 

.381 

.020 

.56 

.52 

.14  j 

40 

19 

0 

0 

4.36 

4.37 

4.29 

4. 35 

10.8 

154 

12.1 

1.6 

.231 

.018 

.57 

.35 

.13  ; 

67 

20 

0 

0 

4.35 

4.35 

4.21 

4.33 

15.6 

2 34 

12.1 

1.4 

.162 

.022 

.42 

.35 

.12  , 

90 

47 

7.5 

0 

4. 30 

4.30 

3.91 

4.27 

24.6 

398 

8.8 

7.7 

.146 

.023 

.42 

.19 

.88 

90 

65 

22 

0 

11.14 

11.14 

10.95 

11.12 

11.8 

169 

23.2 

1.52 

.567 

.021 

.32 

.51 

.07 

90 

52 

15.5 

0 

9.71 

9.71 

9.54 

9.71 

12.1 

178 

21.9 

1.1 

.622 

.017 

.32 

.39 

.05 

75 

23.5 

0 

0 

7.09 

7.09 

6.98 

7.08 

11.3 

162 

20.2 

1.8 

.84  3 

.020 

.45 

.38 

.09 

40 

16.5 

0 

0 

4.18 

4.18 

4.12 

4.18 

11.8 

164 

31.5 

2.6 

.610 

.020 

.28 

.41 

.08 

67 

21.5 

0 

0 

4.07 

4.07 

3.93 

4.07 

17.2 

252 

22.9 

1.6 

.756 

.014 

.30 

.22 

.07  j 

90 

46.5 

15 

0 

4.16 

4.16 

3.76 

4.14 

28.2 

416 

20.5 

1.2 

.512 

.020 

.33 

.23 

.06 

111 


TABLE  20 

EXPERIMENTAL  RESULTS  FOR  THE  MODIFIED  BARREL  CONFIGURATIONS 
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4- 19-76 

4-19-76 

4-19-76 

3-18-76 

3-18-76 

3-18-76 

3-18-75 

3-25-76 

3-25-76 

3- 25-76 

4- 08-76 

4-08-76 

4-08-76 

4-08-76 

3-25-76 

3-25--*6 

3-27-76 

3- 25-76 

4- 08-76 
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4-28-76 
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4-26-76 
4-26-76 
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4- 28-76 
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5-03-76 

5-03-  7 6 

5-03-76 

5-03-76 

5-03-76 

5-03-76 
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5-03-76 

5-03-76 
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5-03-76 

5-13-76 
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5-13-76 
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5-17-76 
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5-17-76 
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5-27-76 
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busters Only 
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Choke  Plate 
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Empty,  Core- 
busters  Only 
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ing Device 
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ing Device 
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ing Device 


m 

ref 

Valve  Setting 

2 

2 

(Pv>m 

b m 

2 

) 
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2 
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<v„ 

"V. 

lbm/sec 

lbm/sec 

14 

20 

24 

36L 

36R 

lbj/in*4 

lb -/in 

lbf/m 

lbf  /in 

ft/ sec 

ft/sec 

% 

4.71 

5.76 

90 

90 

90 

90 

90 

13.37 

13.38 

11.89 

13.01 

23.6 

401 

38.0 

4.42 

5.70 

90 

90 

90 

64 

67 

12.64 

12,65 

11.30 

12.33 

23.4 

396 

34.7 

3.95 

5.74 

90 

90 

90 

50 

51 

11.25 

11.25 

10.03 

10.99 

23.2 

404 

35.6 

3.40 

5.68 

90 

90 

90 

37 

40 

9.77 

9.78 

8.73 

9.53 

23.5 

398 

38.8 

4.16 

5.27 

90 

90 

90 

65 

63 

12.58 

12.58 

11.44 

12.32 

23.3 

370 

47.1 

3.70 

S.27 

90 

90 

90 

48 

48 

11.16 

11.17 

10.14 

10.94 

23.0 

377 

57.2 

3.20 

5.23 

90 

90 

90 

34 

40 

9.69 

9.69 

8.84 

9.55 

23.8 

377 

51.8 

3.09 

3.32 

90 

90 

90 

90 

90 

13.84 

13.84 

13.33 

13.75 

14.9 

237 

47.7 

3.09 

3.32 

90 

90 

90 

40 

44 

12.40 

12.40 

11.89 

12.27 

15.3 

240 

46.0 

2.62 

3.31 

90 

90 

90 

20 

24 

11.49 

11.49 

11.16 

11.51 

15.0 

239 

41.7 

2.08 

3.21 

90 

90 

87 
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.70 

.516 

.024 

.125 

.181 

.01 

9.77 

9.77 

9.  38 

9.70 

17.2 

250 

40.0 

1.1 

.492 

.033 

.104 

.172 

.02 

7.20 

7.21 

6.91 

7.14 

16.8 

244 

51.8 

2.0 

.639 

.025 

.106 

.103 

.04 

5.82 

5.82 

5.66 

5.77 

12.7 

189 

49.3 

3.7 

.836 

.025 

.182 

.101 

.08 

11.23 

11.23 

10.08 

11.06 

25.9 

410 

42.5 

1.4 

.532 

.023 

.185 

.482 

.03 

9.60 

9.60 

8.56 

9.42 

26.9 

418 

40.4 

1.6 

.614 

.026 

.137 

.260 

.04 

7.22 

7.23 

6.48 

7.07 

26.4 

400 

50.7 

2.5 

,565 

.020 

.113 

.095 

.05 

4.34 

4. 34 

3.89 

4.24 

25.0 

400 

50.3 

3.9 

.872 

.021 

.122 

.090 

.08 

11.16 

11.16 

10.98 

11.15 

9.0 

167 

37.0 

3.3 

1.370 

.025 

.391 

.511 

.09 

9.75 

9.75 

9.59 

9.74 

9.3 

167 

40.1 

2.5 

1.260 

.027 

.364 

440 

.06 

7.22 

7.22 

7.11 

7.21 

9.3 

160 

38.4 

3.6 

1.200 

.029 

.353 

.422 

.09 

3.16 

3.16 

3.09 

3.14 

10.9 

179 

32.4 

2.2 

.958 

.030 

.344 

.242 

.07 

10.77 

10.77 

10.32 

10.52 

9.9 

189 

35.8 

4.2 

1.330 

.026 

.295 

.839 

.12 

9.74 

9.74 

9.39 

9.71 

13.3 

250 

38.5 

1.5 

1.150 

.028 

.328 

.351 

.04 

7.20 

7.20 

6.96 

7.19 

13.4 

245 

38.2 

2.2 

1.100 

.037 

.370 

.478 

.06 

4.36 

4.36 

4.22 

4.34 

13.4 

230 

36.6 

3.5 

.952 

.027 

.288 

.291 

.10 

11.17 

11.17 

10.16 

11.11 

20.3 

405 

40.1 

2.3 

2.030 

.021 

.383 

.354 

.06 

9.73 

9.73 

8.85 

9.67 

20.4 

406 

42.7 

2.0 

1.820 

.019 

.364 

.433 

.05 

7.13 

7.13 

6.48 

7.10 

20.9 

410 

38.9 

2.3 

1.210 

.028 

.348 

.323 

.06 

4.32 

4.32 

3.93 

4.29 

21.4 

403 

37.9 

3.0 

1.110 

.021 

.314 

.168 

.08 

11.05 

11.06 

10.65 

11.00 

13.9 

246 

11.4 

.90 

.776 

.030 

.399 

.525 

.09 

10.44 

10.44 

10.07 

10.33 

12.6 

220 

10.2 

1.2 

.705 

.024 

.209 

.382 

.12 

7.07 

7.07 

6.84 

7.04 

14.0 

235 

13.0 

2.0 

.537 

.024 

.334 

.196 

.15 

4.19 

4.19 

4.04 

4.14 

14.0 

217 

19.6 

3.1 

.4S8 

.015 

.403 

.108 

.16 

11.06 

11.06 

10.05 

11.03 

21.7 

412 

10.8 

2.1 

.791 

.026 

.333 

.640 

.19 

9.65 

9.65 

8.77 

9.69 

21.9 

404 

11.2 

2.0 

.752 

.019 

.240 

.635 

.18 

7.08 

7.09 

6.44 

7.04 

22.1 

405 

12.4 

1.8 

.682 

.024 

.202 

.115 

.23 

4.24 

4.24 

3.85 

4.21 

23.0 

403 

15.2 

2.9 

.476 

.02  4 

.357 

.134 

.19 

11.05 

11.05 

10.87 

11.04 

9.7 

169 

10.4 

1.5 

.704 

.025 

.290 

.776 

.07 

9.63 

9.64 

9.47 

9.60 

9.3 

161 

12.1 

1.2 

.628 

.025 

.286 

.395 

.10 

7.12 

7.12 

7.01 

7.10 

9.8 

156 

14.3 

2.1 

.538 

.027 

.284 

.411 

.IS 

4.26 

4.26 

4.20 

4.25 

9.6 

147 

20.3 

2.8 

.446 

.028 

.456 

.138 

.14 

3.76 

3.76 

3.70 

3.74 

9.6 

147 

20.7 

2.4 

.344 

.029 

.422 

.129 

.12 

4.21 

4.21 

4.08 

4.19 

15.6 

231 

23.7 

3.9 

.332 

.018 

.358 

.199 

.16 

4.23 

4.23 

3.88 

4.21 

24.1 

391 

20.7 

2.8 

.409 

.019 

.332 

.119 

.14 

11.25 

11.25 

11.07 

11.23 

9.3 

165 

8.0 

.71 

.752 

.040 

.428 

.345 

.09 

9.84 

9.84 

9.67 

9.85  * 

9.8 

172 

9.3 

.8S 

.631 

.037 

.307 

.328 

.09 

7.30 

7.30 

7.20 

7.30 

9.7 

163 

12.6 

1.2 

.443 

.030 

.836 

.245 

.10 

4.38 

4.38 

4.33 

4.39 

9.9 

159 

22.6 

2.0 

.388 

.033 

.606 

.153 

.09 

11.24 

11.25 

10.82 

11.21 

14.2 

252 

7.7 

1.7 

.829 

.027 

.403 

.842 

.22 

9.81 

9.81 

9.46 

9.70 

14.0 

249 

8.8 

1.5 

.759 

.037 

.303 

.657 

.17 

7.32 

7.32 

7.07 

7.30 

14.1 

243 

13.1 

1.7 

.577 

.027 

.256 

.253 

.13 

4.44 

4.44 

4.30 

4.43 

13.5 

235 

17.6 

2.0 

.492 

.011 

.593 

.167 

.11 

11.29 

11.29 

10.23 

11.27 

21.6 

404 

11.4 

2.4 

.828 

.018 

.441 

.679 

.21 

9.82 

9.82 

8.94 

9.77 

21.5 

404 

9.5 

2.0 

.986 

.026 

.393 

.892 

.21 

7.28 

7.28 

6.61 

7.24 

22.0 

407 

11.6 

2.0 

.813 

.020 

.292 

.187 

.21 

4.51 

4.51 

4.11 

4.49 

22.4 

399 

14.9 

3.5 

.575 

.020 

.311 

.123 

.23 
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TURBULENT  VELOCITY  RfiTIO  STRTION  1 


TEST  3045  TU-MRX 0.2069 

DATE  06/07/76  R ( 0 ) 0.8333FT 

THETA  0.00  DEG 


PROGRAM  - CRF 


VERSION 


2.15  DEC 


Figure  4 7d.  Mean  Velocity  G Turbulence  Profile  in  Test 
Chamber  G Bellmouth?  Test  No.  3045. 

! I 

118 


MEAN  VELOCITY  RATIO 


STATION  1 


0.42 

ST4 

0.52 

ST  1 

VERT  k/kiw;  horz 


TEST  3046  V-MAX  16.01  FT/SEC 

DATE  06/07/76  R(0)  0.8333FT 

THETA  0.00  DEG 

PROGRAM  - CRF  VERSION  - 2.15  DEC 

Figure  48a.  Mean  Velocity  6 Turbulence  Profile  in  Test 
Chamber  & Bellmouthj  Test  No.  3046. 
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Figure  48b.  Mean  Velocity  & Turublence  Profile  in  Test 
Chamber  & Bellmouth;  Test  No.  3046. 
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STATION  2 


r 


MEAN  VELOCITY  RATIO 


TEST  3046  V-MAX  173.20FT/SEC 

DATE  06/07/76  R(0)  0.2084  FT 


THETA  1 5 . 00  DEG 


PROGRAM  - CRF  VERSION  - 2.15  DEC 


Figure  48c.  Mean  Velocity  £ Turbulence  Profile  in  Test 
Chamber  £ Bellmouth;  Test  No.  3046. 
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TURBULENT  VELOCITY  RATIO 


STATION  1 


TU/TUMAX 


0 . 24 
ST  1 
VERT 


R/R  ( 0 ) 


TEST  3047 

TU-MAX  0.4950 

DATE  06/07/76 

R ( 0 ) 0 . 8333  FT 

THETA  0.00  DEG 

PROGRAM  - CRF 

VERSION  - 2.15 

Figure  49b.  Mean  Velocity  t Turbulence  Profile  in  Test 
Chamber  6 Bellmouthj  Test  Mo.  3047, 

"" 


Figure  49c.  Mean  Velocity  & Turbulence  Profile  in  Test 
Chamber  6 Bellmouth;  Test  No.  3047, 
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TEST  3047  TU-MRX 0.0737 

DATE  06/07/76  R(0)  0.2084FT 

THETA  15.00  DEG 

PROGRAM  - CRF  VERSION  - 2.15  DEC 


Figure  49d.  Mean  Velocity  & Turbulence  Profile  in  Test 
Chamber  £ Bellmouth;  Test  No.  3047. 
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MEAN  VELOCITY  RATIO 


STflTIOi 


TEST  3048 
DATE  06/07/76 


PROGRAM  - CRF 


V-MAX  14.41  FT/SEC 
R ( 0 ) 0 . 8333  FT 

THETA  0.00  DEG 

VERSION  - 3.15  DEC 


Figure  50a.  Mean  Velocity  & Turbulence  Profiles  in  Test 
Chamber  6 Bellmouth.  Test  No.  3048. 
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TURBULENT  VELOCITY  RATIO  STATION  1 


TEST  3048  TU-MAX  1 . 1220 

DATE  06/07/76  R ( 0 ) 0.8333FT 

THETA  0.00  DEG 

PROGRAM  - ORF  VERSION  - 2.15  DEC 


Figure  50b.  Mean  Velocity  & Turbulence  Profiles  in  Test 
Chamber  c Bellmouth;  Test  No,  3048. 
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MEAN  VELOCITY  RATIO 


STATION  2 


TEST  3048 
DATE  06/07/76 


PROGRAM  - CRF 


V-MAX  I 33 . 50  FT /SEC 
R ( 0 ) 0 . 2084  FT 

THETA  15. 00  DEG 

VERSION  - 2.15  DEC 


Figure  50c.  Mean  Velocity  & Turbulence  Profile  in  Test 
Chamber  & Bellmouth;  Test  No.  3048. 
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Figure  50d.  Mean  Velocity  & Turbulence  Profile  in  Test 
Chamber  & Bellmouth;  Test  No.  3048. 
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MERN  VELOCITY  RATIO 


STATION  1 


Figure  51c. 


Mean  Velocity  & Turublence  Profiles  in  Test 
Chandaer  & Bellmouth;  Test  No.  3065. 
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TURBULENT  VELOCITY  RRTIO  STATION  2 


TU/TUMA 
l 


R/R  (0) 

VERT 


TEST  3065 

DATE  06/07/76 

TU-MAX  0 

R ( 0 ) 0 

THETA 

.0329 

.2084  FT 

15.00  DEG 

PROGRAM  - CRF 

VERSION 

-2.15 

Figure  51d.  Mean  Velocity  & Turbulence  Profile  in  Test 
Chaniber  6 Bellmouth;  Test  No.  3065. 


Figure  52a.  Mean  Velocity  & Turbulence  Profile  in  Test 
Chamber  & Bellmouth;  Test  No.  3066. 
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TURBULENT  VELOCITY  RATIO  STATION  1 


R/R  0 


TEST  3066 

TU-MAX  0 . 1578 

DATE  06/07/76 

R ( 0 ) 0 . 8333  FT 

THETA  0.00  DEG 

PROGRAM  - CRF 

VERSION  - 2.15 

Figure  52b.  Mean  Velocity  & Turbulence  Profile  in  Test 
Chamber  & Bellmouth;  Test  No.  3066. 
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Figure  52d.  Mean  Velocity  & Turbulence  Profile  in  Test 
Chamber  & Bellmouth;  Test  No,  3066. 
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MEAN  VELOCITY  RATIO 


STATION  1 


0.46 


0.52 


V/VMAX 


^ 0.0 
R/R ( 0 ) 


TEST  3067 

V-MAX 

41.19  FT/SEC 

DATE  06/07/76 

R C 0 ) 

0.8333  FT 

THETA 

0.00  DEG 

PROGRAM  - CRF 

VERSION  - 2.15  DEC 

Figure  53a.  Mean  Velocity  & Turbulence  Profile  in  Test 
Chamber  & Bellmouth;  Test  No.  3067. 
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TURBULENT  VELOCITY  RATIO  STATION  1 


R/R ( 0 ) 


TEST  3067 

TU-MAX  0 . 1386 

DATE  06/07/76 

R ( 0 ) 0.8333FT 

THETA  0.00  DEG 

PROGRAM  - CRF 

VERSION  - 2.15  DEC 

Figure  53b.  Mean  Velocity  fi  Turbulence  Profile  in  Test 
Chamber  & Bellmouth;  Test  No.  3067, 
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MERN  VELOCITY  RRTIO 


STRTION 2 


TEST  3067  V-MAX  478 . 60  FT/SEC 

DRTE  06/07/76  R(0)  0.2084FT 

THETR  1 5 . 00  DEG 


PROGRAM  “ CRF  VERSION  - 2.15  DEC 


Figure  53c.  Mean  Velocity  £ Turbulence  Profile  in  Test 
Chamber  £ Bellmouth)  Test  No.  3067, 
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TURBULENT  VELOCITY  RATIO  STATION  2 


TU/TUMA 


GTl 

VERT 


m 


TEST  3067 

TU-MAX  0 . 0344 

DATE  06/07/76 

R ( 0 ) 0 . 2084  FT 

THETA  15.00  DEG 

PROGRAM  - CRF 

VERSION  -2.15  DEC 

Figure  53d.  Mean  Velocity  & Turbulence  Profile  in  Test 
Chamber  & Bellmouth j Test  No.  3067. 
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MERN  VELOCITY  RATIO 


STATION  1 


TURBULENT  VELOCITY  RflTIO 


STRTION  1 


TURBULENT  VELOCITY  RATIO  STATION  2 


TEST  3068 
DATE  06/07/76 


TU-MAX  0 . 0236 
R ( 0 ) 0 . 2084  FT 

THETA  1 5 . 00  DEG 


PROGRAM  - CRF 


VERSION  -2.15  DEC 


Figure  54d.  Mean  Velocity  & Turbulence  Profile  in  Test 
Chamber  & Bellmouth;  Test  Mo.  3068. 
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The  nonuniformity  of  velocity  and  turbulence  level  in  the 
bellmouth  (0y2  and  a^)  do  not  seem  to  be  affected  in  any 

consistent  sense  by  the  flow  conditioning  elements  however. 

It  should  be  noted  that  the  velocity  profile  attained  in  this 
bellmouth  throat  for  ideal  flow  is  not  flat  because  of  the 
bellmouth  design  and  location  of  the  measuring  station.  This 
was  shown  in  the  open-to-atmosphere  tests  where  the  velocity 
near  the  wall  is  1 - 2%  higher  than  the  centerline  velocity 
depending  on  overall  flow  rate.  The  profile  is  smooth  as 
expected  and  represents  the  standard  of  comparison  which 
should  be  used  rather  than  a flat  velocity  profile. 


The  flow  conditioning  requirements  which  this  test  program 
addressed  were  as  follows: 


1) 


P - P , 
mam  min 

P 

a 


0.01  in  the  tank 


2)  q q . 

JB£2 Si-  < o.Ol  in  the  bellmouth  throat 

qa 

3)  Tu  < 0.01  in  the  bellmouth  throat  for  w < 1000  Hz 

These  flow  quality  standards  do  not  apply  to  the  boundary 
layer  and  will  place  the  CRF  on  a par  with  or  better  than  existing 
compressor  test  facilities.  Conditions  1 and  2 were  satisfied 
rather  generally,  if  the  comments  above  regarding  the  bellmouth 
velocity  profile  are  taken  into  consideration. 


The  turbulence  levels  in  the  bellmouth  (condition  3)  show 
a large  range  in  Tables  19  and  20.  Turbulent  energy  for  frequencies 
up  to  10  KHz  was  included.  This  represents  a more  severe  condition 
than  was  initially  specified.  The  baseline  CFF  model  has  turbulence 
in  the  bellmouth  in  the  6 - 10%  range.  This  has  to  be  reduced 
by  proper  choice  of  flow  conditioning  elements  to  the  level  for 
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a free  bellmouth,  i.e.,  1%  or  less.  The  first  flow  centering 
concepts  still  had  turbulence  levels  in  the  3 - 6%  range,  but 
this  was  reduced  to  1 - 2%  in  Modification  6.  Further  effort 
with  this  type  of  flow  device  could  reduce  the  turbulence  level 
to  less  them  l%f  however,  this  concept  involves  many  cones,  per- 
forated plates,  screens,  etc.,  across  the  full  face  of  the  tank 
and  would  undoubtedly  be  expensive  to  construct.  The  front  end 
configuration  involving  the  venturi  bank  shows  turbulence  levels 
in  the  0.5  - 3%  range.  However,  the  performance  of  all  config- 
urations which  used  the  venturi  bank  (Front  End  Modifications 
2 and  3,  Combined  Modification  3)  was  characterized  by  unsteady 
flow  phenomena  in  both  the  tank  and  the  bellmouth.  Bursts  of 
turbulence  occurred  at  1/2  - 2 second  intervals  which  had  an 
amplitude  of  up  to  two  times  the  listed  values.  This  type  of 
performance  could  generate  problems  for  the  full-size  CRF  and 
consequently  any  configuration  involving  a venturi  bank  should 
not  be  used  for  flow  conditioning.  If  inlet  flow  measurement 
is  considered  at  a later  date,  a design  and  testing  program  will 
be  required  to  satisfactorily  eliminate  this  difficulty. 

The  first  barrel  had  high  turbulence,  but  Modifications  2 
and  3 show  turbulence  levels  in  the  0.5  - 2.0%  range.  A detailed 
study  of  the  data  for  Modification  2 of  the  barrel  shows  that 
the  value  of  turbulence  occurs  within  1.2  inch  of  the 

wall  with  the  rest  of  the  "turbulence  profile"  being  less  than 
the  required  1%.  The  turbulence  levels  measured  at  this  point 
may  well  be  due  to  a probe-wall  interaction.  The  hot  wire 
probe  and  the  related  traversing  system  were  not  designed  for 
boundary  layer  measurements  and  thus  values  in  the  near  vicinity 
of  the  bellmouth  wall  are  subject  to  some  error.  Preliminary 
measurements  with  specially  designed  boundary  layer  hot  wire 
probe,  reference  54,  indicate  a smooth  variation  in  turbulence 
level  from  a maximum  very  near  the  wall  to  the  free-stream 
values  shown  in  Figures  47  through  54. 
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The  data  of  this  section  indicates  that  the  flow  quality 
standards  can  be  achieved  by  means  of  a properly  designed 
auxiliary  test  chamber.  The  following  points,  however,  must 
be  noted: 

1)  The  flow  straightener  section  plus  2 screens  in 
the  barrel,  have  a total  pressure  drop  of  0.61 
inches  of  water  for  the  high  flow  condition  and 
less  than  0.2  inches  for  the  row  flow.  Experience 
in  wind  tunnels  indicate  pressure  drops  approxi- 
mately three  times  as  large  should  be  used  for 
maximum  effectiveness.  This  would  keep  the  pres- 
sure drop  in  the  range  (greater  than  0.5  inches 

of  water)  where  the  large  reduction  in  turbulence 
was  noted. 

2)  The  dead  air  space  flow  will  be  taken  through  the 
annulus  formed  by  the  barrel  and  the  tank  and  will 
effectively  be  a secondary  flow  control  system. 

If  proper  care  is  taken,  the  dead  air  space  flow 
will  remove  much  of  the  large  turbulence  producing 
eddies  and  will  further  reduce  the  overall  turbu- 
lence level. 

3)  In  this  test,  both  the  Mach  number  and  Reynolds 
number  have  been  simulated  for  the  screens.  However, 
much  of  the  turbulence  reduction  lup  to  50%)  occurs 
through  dissipation  along  a long  flow  path.  Simu- 
lation of  the  long  flow  path  was  not  possible  in 
the  model;  however,  we  can  expect  the  turbulence  in 
the  CRF  to  be  lower  than  the  model  due  to  the 
increased  length  of  the  flow  path. 
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K.  Optimum  Flow  Conditioning  System 


On  the  basis  of  the  data  of  Tables  19  and  20 , an  optimum  flow 
conditioning  system  has  been  designed.  The  flow  conditioning  system 
is  shown  in  Figure  55  with  each  element  described  in  Table  21.  The 
sizes  and  dimensions  of  the  recommended  elements  have  been  chosen 
primarily  on  the  basis  of  flow  quality;  however,  the  barrel  or  auxiliary 
test  chamber  is  large  so  consideration  was  also  given  to: 

ll)  Working  space  during  test  period 

2)  Personnel  entry  when  the  barrel  is  in  place 

3)  stowage  of  the  barrel  for  test  article  removal 

4)  Loads  on  the  barrel  during  test. 

Specific  constraints  and  considerations  used  in  the  design  of 
the  optimum  elements  are: 

1)  The  internal  diameter  of  all  cylindrical  elements  in  the 
complete  barrel  configuration  should  be  the  same  with  no 
change  in  diameter  for  screen  or  honeycomb  holders  and  no 
lines,  pipes,  hooks,  doors,  lights,  heaters,  struts,  or 
other  protuberances  are  to  be  located  downstream  of  the 
last  flow  element.  Windows  for  test  article  observation 
should  be  contoured  to  the  barrel  inner  wall  and  thus 
represent  no  change  in  flow  path. 

2)  The  overall  length  of  the  barrel  is  24  feet,  but  the  storage 
space  available  between  the  corebusters  and  the  equipment 
door  is  approximately  19  feet.  Therefore,  the  barrel  inlet 
and  one  or  more  cylinders  will  have  to  be  removed  for  forward 
storage . 

3)  The  duct  downstream  of  the  screen  section  is  specified  as 
three  cylinders  so  that  for  high  flows  the  longest  path 
can  be  chosen  to  allow  maximum  length  for  dissipation  to 
occur  and  for  low  flows  a short  path  can  be  chosen  to 
prevent  excessive  boundary  layer  buildup.  If  all  three 
cylinders  are  used,  a maximum  of  10  feet  or  two  diameters 
for  a five  foot  diameter  compressor  can  be  employed. 
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TABLE  21 


RECOMMENDED  FLOW  CONDITIONING  SYSTEM 


Flow  Element 

Barrel 

1 . Barrel  Inlet 

2 . Cylinder  A 

3 . Cylinder  B 

4.  Flow 
Straightener 

5 . Screens 

6 . Screen 
Retainer 

7 . Cylinder  C 

8 . Cylinder  D 

9.  Cylinder  E 

10.  End  Nall 


Position 


Description 


Adjustable  depending  on 
test  article  position 
and  number  of  elements 
used. 

1st  Barrel  Element 


2nd  Barrel  Element 


3rd  Barrel  Element 


4th  Barrel  Element 


5th  Barrel  Element 

6th  Barrel  Element 

7th  Barrel  Element 

8th  Barrel  Element 

9th  Barrel  Element 

10th  Barrel  Element 


12'  I.D.  Cylindrical  flow  path 
to  test  article  containing  flow 
conditioning  elements. 


Circular-arc  profile  with  2 ft 
radius.  Space  between  outer  lip 
and  tank  or  tank  structure  is 
approximately  4". 

Axial  length  ■ 1 ft. 

Diameter  ■ 12  ft. 

Axial  length  ■ 2 ft. 

Diameter  - 12  ft. 

i/d  > 8 
D/d  > 50 

Axial  length  « 3 ft. 

Max  Ap  - 2"H20 

4-6  screens  spaced  at  6 - 12" 
intervals.  Max  Total  Ap  ” 

12"H20 

i/d  > 2 
D/d  > 20 

Axial  Length  * 2 ft. 

Axial  length  » 5 ft. 

Diameter  ■ 12  ft. 

Axial  length  ■ 2.5  ft. 

Diameter  - 12  ft. 

Axial  length  - 2.5  ft. 

Diameter  • 12  ft. 

Flat  wall  coincident  with  test 
article  bellmouth  outer  lip  and 
flexible  seal. 


i. 
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4)  The  screen  spacing  is  specified  as  200-500  wire  diameters 
which  is  required  for  maximum  screen  effectiveness . 


5)  Flow  straightener  limits  are  consistent  with  standard 
practice  with  an  £/d  of  at  least  8 and  a cell  size  of  less 
than  2%  of  the  barrel  diameter.  This  section  can  be  made 
of  expanded  metal  pipe  or  corrugated  metallic  straps.  The 
model  was  constructed  with  soda  straws  which  suggests 
using  plastic  pipe  to  reduce  the  weight. 

6)  The  elliptical  corebusters  located  one  valve  diameter 
downstream  of  the  valve  outlet  of  diameter  D should  be 
constructed  with  a major  axis  of  2D  and  a minor  axis 
of  (4/3D) . 

7)  The  space  between  the  barrel  bellmouth  and  the  tank  must  be 
small  (approximately  4")  so  that  the  dead  air  space  flow 

is  taken  from  around  the  complete  periphery  of  the  barrel 
bellmouth.  A 4"  gap  yields  a velocity  of  only  13  ft/sec 
at  14.4  psia  for  20  lbs/sec.  Larger  gaps  might  result  in 
submerged  inlet  problems. 

8)  The  dead  air  space  flow  is  controlled  by  means  of  a wall 

and  valve  system  located  three  feet  axially  downstream  of  the 
barrel  inlet.  Proper  adjustment  of  the  pressure  drop  should 
help  smooth  the  overall  flow.  The  flow  control  wall  position 
was  also  chosen  so  that  with  a small  test  article,  and  with 
cylinders  D and  E removed,  there  is  still  access  to  the  test 
article  from  the  personnel  doors. 

9)  The  triangular  duct  below  the  barrel  should  be  insulated. 

10)  The  end  wall  of  the  barrel  should  be  coincident  with  the 
lip  of  the  test  article  bellmouth  and  attached  with  a 
flexible  boot  or  joint  so  there  is  minimal  air  leakage. 

The  early  flow  model  tests  indicated  that  large  instabilities, 
unsteady  flows,  and  separated  flows  can  occur  when  a small 


test  article  such  as  the  J-85  is  tested  in  the  CRF  if 
proper  precautions  are  not  taken  to  eliminate  the  submerged 
nature  of  the  inlet  in  the  CRF  geometry.  Secondary  flow 
control  systems  could  in  part  eliminate  the  submerged 
inlet  and  these  could  be  readily  accommodated  with  the 
flexible  boot  or  joint. 

]l)  The  recommended  flow  conditioning  system  utilizes  the  dead 
air  space  flow  as  an  integral  part  of  the  flow  conditioning 
concept.  There  is  adequate  precedent  and  technical  data 
in  the  literature  to  support  this  choice;  however,  this 
flow  has  not  been  simulated  in  the  1/10  scale  model.  To 
this  extent  the  model  test  results  are  conservative  with 
a slight  improvement  expected  in  the  full-scale  facility  as 
a result  of  this  factor. 

Data  collected  in  the  1/10  scale  model  test  program  indicates  that 
the  total  pressure  variation  in  the  test  chamber  and  the  mean  velocity 
variability  and  turbulence  intensity  in  the  bellmouth  will  all  meet  the 
flow  quality  criteria  of  1%  and  that  values  in  the  facility  itself  may 
be  slightly  less. 


154 


■ " 

— 


SECTION  III 


DISCHARGE  COEFFICIENTS 
FOR  THE  UNIVERSAL  VENTURIS 
EMPLOYED  IN  THE  CRF 
FLOW  MEASUREMENT  SYSTEM 


A.  Introduction 


The  core  flow  measurement  system  utilizes  a subsonic  venturi  as 
the  primary  measuring  element  and  is  described  in  reference  56.  The 
major  aerodynamic  features  of  the  flow  measurement  system  are  given 
in  Table  22.  The  operating  envelope  of  the  flow  measuring  system  is 
shown  in  Figure  56  56 . Note  that  high  temperatures  correspond  to  low 
flow  rates  and  vice-versa. 

The  facility  is  to  operate  in  both  the  steady-state  and 
transient  mode.  The  flow  measurement  system  is  to  be  used  for 
steady-state  test  conditions  with  core  flow  measurements  conducted  with 
a calibrated  bellmouth  for  transient  experiments.  "Steady-state" 
is  normally  construed  to  mean  time  invariant.  This  is  not  strictly 
the  case  with  regard  to  the  Compressor  Research  Facility  testing  since 
"steady-state"  data  is  to  be  taken  during  the  course  of  a "slow" 
compressor  transient.  As  a result,  the  steady-state  measuring  system 
of  Table  22  does  in  fact  see  time  variant  conditions.  This  has  been 
investigated  from  a thermodynamic  point  of  view  in  reference  57. 

The  purpose  of  this  study  is  to  examine  the  system  behavior  from  an 
aerodynamic  point  of  view.  The  approach,  as  well  as  the  results 
obtained,  are  discussed  in  the  following  sections. 

B.  Objectives  of  the  Venturi  Analysis 

The  aerodynamic  analysis  was  carried  out  with  the  following 
objectives  in  mind: 

1)  Quantify  the  effects  of  Reynolds  number,  Mach  number  and 
wall  heating  and/or  cooling  on  the  boundary  layer 
development  and,  thus,  the  venturi  discharge  coefficient. 

2)  Determine  the  effect  of  entrance  length  and  turbulence 
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TABLE  22 


FLOW  CORE  MEASUREMENT  SYSTEM 


Overall  configuration 


Dual,  lined  ducts  with 
removable  venturi  sections 


Flow  metering  elements 


Universal  venturi's 


Venturi  instrumentation 


6 airstream  temperatures 
6 inlet  static  pressures 
4 differential  pressures 
4 throat  wall  temperatures 


Flow  and  temperature  range 


15  to  500  lb  /sec  and 
-20°F  to  1490°F 


Venturi  size  and  maximum 
temperature 


12.5" 

19.5" 

30.0" 

30.0" 


throat  diameter, 
throat  diameter, 
throat  diameter, 
throat  diameter. 


1490°F 

1490°F 

1150°F 

1150°F 


levels  on  the  venturi  discharge  coefficients.  The 
size  of  the  venturis  precludes  a calibration  in  air 
and  thus  a water  calibration  must  be  employed.  The 
calibration  unit  geometry  will  differ  from  the  CRF 
installation  and  introduces  an  uncertainty  into  the 
flow  measuring  processes.  By  quantifying  the  instal- 
lation effects  on  discharge  coefficient,  the  uncer- 
tainty introduced  into  the  f i ow  measurements  can  be 
determined. 

3)  Statistically  analyze  the  experimental  calibration  data. 

4)  Compare  the  experimentally  and  analytically  determined 
discharge  coefficients. 


Flow  System  Geomet 


The  overall  flow  system  geometry  is  shown  in  Figure  57.  The 
venturi  is  a BIF  universal  venturi  tube,  references  58,  59,  60,  and 
61.  As  a result  of  the  extensive  range  of  mass  flows,  multiple  venturi 
combinations  are  required.  To  simplify  the  analysis,  only  two  config- 
urations were  considered.  These  are  shown  in  Figure  58  and  span  the 
range  from  minimum  flow/maximum  temperature  to  maximum  flow/minimum 
temperature.  The  geometries  are  consistent  with  those  of  references  58 
through  62. 

The  major  features  of  the  facility  flow  system  are  a long  length, 
i.e.,  792"  of  constant  diameter  pipe,  followed  by  the  venturi.  The  cali- 
bration facility  is  unlikely  to  have  a 792"  entrance  length  with  a 
length  of  around  60"  more  probable.  The  venturi  itself  is  made  up  of 
conic  sections.  The  first  having  a convergent  section  with  an  included 
angle  of  80°,  then  a converging  conic  with  an  included  angle  of  14°, 
a straight  throat  section  and  finally  a diffuser  with  an  included  angle 
of  10".  The  venturi  does  not  conform  to  previous  practice,  in  that, 
discontinuities  in  wall  slope  occur  at  the  interface  between  the  four 
conic  elements.  This  has  been  a matter  of  considerable  discussion; 
nevertheless,  the  units  are  now  in  wide  use  — presumably  with 
acceptable  performance. 
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UNIVERSAL  VENTURIS 


30"  and  12.5"  Venturis 


D.  Facility  Operating  Conditions 


As  a result  of  the  range  of  mass  flow  rates  and  temperatures  en- 
countered in  the  facility,  each  of  the  venturis  must  operate  over  a con- 
siderable range  of  Reynolds  numbers,  i.e.,  UDp/p,  where  D denotes  the 
pipe  diameter  and  U the  venturi  inlet  velocity.  For  example,  the  12.5 
inch  venturi  must  span  a Reynolds  number  range  of  from  approximately 
85,000  to  1,000,000. 

The  mass  flow  rate-temperature  relations  can  be  converted  into 
Reynolds  number-Mach  number  values  via 


Re 


V 


m 


(57) 

(58) 


Re  - 


4m 

1TDV1 


y - p 


ref 


ref 


1/2 


1 + 0.505 
1 + °-505 


(59) 

(60) 


‘^ref1 


where  y denotes  the  viscosity  at  temperature  t,  Vref  is  the  viscosity 

evaluated  at  temperature  t^^.  is  normally  taken  as  492°R  with 

u = 1.126  x 10-5  lb  /ft-sec.  The  Mach  number  can  be  defined  as 
Href  m 

U/  / YRgct  . Note  that  the  total  and  static  temperatures  are  the  same 
at  the  venturi  inlet,  i.e.. 


t - T/(l  + ^ M2)  <®1> 

and  t - T for  M < 0.05.  The  pressure  at  the  venturi  inlet  can  be 

related  to  the  temperature  and  density  by  means  of 


p ■ pRt 


(62) 


The  venturi  throat  Mach  number  can  be  determined  from  one-dimen- 
sional gas  dynamic  considerations63  and 
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1 


^ - u JL)  I + 


2 (Y-l) 


Y*1 


from  whence  can  be  determined  iteratively. 


With  these  relations  the  Reynolds  numbers  and  Mach  numbers  can 
be  determined  for  the  various  venturis.  Information  of  the  type  for 
the  12.5  inch  and  30.0  inch  venturis  are  presented  in  Tables  23  and 
24.  Note  that  the  Mach  numbers  have  been  determined  using  the  venturi 
inlet  and  throat  areas  with  no  correction  for  boundary  layer  blockage. 
This  restriction  is  removed  in  the  following  sections. 


Inviscid  - Bounds 


Layer  Matching 


The  analysis  was  undertaken  by  subdividing  the  flow  field  into 

viscous  and  inviscid  components.  This  is  shown  schematically  in  Figure  59. 

The  two  flow  fields  were  aligned  using  the  classic  technique  of  matching 

64 

the  inviscid  flow  and  boundary  layer  solutions.  The  approach,  in 

this  case,  including  both  inviscid  and  boundary  layer  domains  is  iterative 

in  nature.  The  calculation  is  initiated  by  assuming  that  the  boundary 

layers  are  nonexistent  yielding  am  inviscid  velocity  distribution. 

This  is  used  to  compute  the  boundary  layer  development  from  whence  the 

boundary  layer  displacement  thickness  can  be  determined.  The  displacement 

thickness  is  then  added  to  the  pipe  and  venturi  surfaces  and  the  inviscid 

65 

flow  calculation  repeated.  This  approximates  the  viscous  effects. 

The  process  cam  be  terminated  at  this  point  or  continued  until  a con- 
verged solution  is  obtained.  The  speed  of  the  convergence  is  directly 
proportional  to  the  strength  of  the  interaction,  i.e.,  weak  inviscid 
flow/boundary  layer  interactions  converge  rapidly  with  strong  interactions 
requiring  more  calculations. 
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TABLE  23 


12.5 

in.  VENTURI  AERODYNAMIC 

PARAMETERS 

Minimum  Flow  Rate  Limit 

(1) 

t,°R 

m,lb  /sec 
m 

Re.  x 10~6 
l 

«t 

560 

15.55 

0.395 

0.0148 

0.2230 

760 

13.04 

0.261 

0.0144 

0.2170 

960 

11.72 

0.198 

0.0144 

0.2190 

1160 

11.00 

0.163 

0.0150 

0.2280 

1360 

10.05 

0.134 

0.0148 

0.2250 

1560 

8.61 

0.o05 

0 .0136 

0.2060 

1760 

8.25 

0.101 

0.0139 

0.2100 

1960 

8.25 

0.087 

0.0146 

0.2220 

Maximum  Flow  Rate  Limit 

(1) 

-6 

t,°R 

m,lb  /sec 
m 

Re.x  10 
i 

«i 

560 

39.59 

1.006 

0.0376 

0.7830 

760 

33.73 

0.676 

0.0373 

0.7670 

960 

30.02 

0.508 

0.0373 

0.7670 

1160 

27.27 

0.405 

0.0372 

0.7640 

1360 

24,16 

0.373 

0.0357 

0.6930 

1560 

22.49 

0.275 

0.0356 

0.6880 

1760 

22.25 

0.272 

0.0374 

0.7740 

1960 

21.77 

0.231 

0.0386 

0.8650 

• 2 

(1)  p * 15.00  lb^in 

I 

163 


I AO-A070  623  INDIANAPOLIS  CENTER  FOR  ADVANCED  RESEARCH  INO  FLUID— ETC  F/6  21/5 
compressor  research  facility  AERODYNAMICS  ANALYSIS. (U) 

APR  79  6 D HUFFMAN  F33615-75-C-2008 

UNCLASSIFIED  FDL-78-005  AFAPL-TR-79-2021  NL 


a 

L " 

XT 

s 

'tai  ; 

V . 

6 

A 

A 

% 

, 4>  . 

mhiir 

1 

, # . 

Illhllf 

1 

\4  • 

1 

ilium 

> 

•ttiflif 

X- 

1 t 

A*  1 

1 

B \ 

:*  1 

i 

£1 

- -r- 

1 ••! 

TABLE  24 


30.0  in.  VENTURI  AERODYNAMIC  PARAMETERS 


Minimum  Plow  Rate  Limit 

(1) 

t,°R 

m,lb  /sec 
m 

ReD  x 10  ~6 

«i 

560 

85.32 

2.169 

0.0608 

0.1577 

760 

73.49 

1.474 

0.0611 

0.1583 

960 

64.85 

1.098 

0.0605 

0.1570 

1160 

57.75 

0.858 

0.0593 

0.1535 

1360 

53.49 

0.715 

0.0594 

0.1540 

1560 

50.77 

0.621 

0.0604 

0.1566 

1607 

49.82 

0.598 

0.0602 

0.1560 

Maximum  Flow  Rate  Limit 

(1) 

t»  °R 

m,lb  /sec 

XQ 

ReD  x 10~6 

«t 

560 

238.94 

6.073 

0.1731 

0.5053 

760 

206.62 

4.144 

0.1744 

0.5107 

960 

185.56 

3.141 

0.1761 

0.5175 

1160 

167.81 

2.492 

0.1750 

0.5131 

1360 

153.37 

2.049 

0.1731 

0.5056 

1560 

142.72 

1.745 

0.1725 

0.5032 

1607 

139.76 

1.677 

0.1714 

0.4989 

(1)p  - 20.0  lbf/in2 


Figure  59.  Flow  Field  Schematic 


as  obtaining  a solution  to  the  inviscid  flow  field 


°i  • W 


and  the  boundary  layer  flow  field 


«; = w 


(65) 


(66) 


where 


6*  = 5*  and  Uj.  = UBCy  = $)  (67) 

In  the  above  relations  6*  denotes  the  displacement  thickness,  U the 
velocity  and  the  subscripts  B and  I the  boundary  layer  and  inviscid 
flow  fields,  respectively.  The  iterative  process  is  shown  schematically 

in  Figure  60. 

Both  an  undamped  and  damped  approach  to  convergence  are  shown  in 
Figure  60.  The  damped  approach,  i.e.,  setting  6X  equal  to  a fraction  of 

the  previous  6*  and  6*  values,  normally  speeds  convergence.  It  also 

prevents  oscillation  of  the  values.  Approaches  that  are  considerably 
more  complex  than  this  have  been  proposed;64  however,  they  did  not 
appear  to  offer  advantages  commensurate  with  the  effort  required  to 
implement  them. 

F.  Inviscid  Flow  Model 

The  inviscid  flow  field  was  assumed  to  be  quasi-two  dimensional, 
i.e.,  a variation  in  flow  area  in  the  streamwise  direction,  A - A(x). 
Following  Shapiro,  reference  63,  the  Mach  number,  M,  static  temperature , 
t,  and  static  pressure,  p,  variation  can  be  written  as 


2(1  + ^ M2) 


1 - M 


dA 

A 


dt 

t 


1 - M2 


dA 

A 


(68) 
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(69) 


Damped  Iterative  Path 
Undamped  Iterative  Path 


The  convergence  and/or  matching  process  can  be  described  mathematically 


dp  YM2  dA 

p " 777  (70 

where  the  inviscid  or  core  flow  is  assumed  to  be  frictionless  having 
constant  total  temperature  and  total  pressure.  With  constant  total 
pressure  and  total  temperature , p and  t can  be  determined  from 


t 

T 


(1  + 


M2) 


-1 


once  M is  known.  The  flow  area  corrected  for  boundary  layer 

„ 2 

blockage  is  simply  A * w(d  - 26*)  /4. 


(71) 


(72) 


Integrating  equation  (68)  over  a small  increment  of  length 

yields 


A(x  + Ax)  i M(x) 

| 1 [M (x  + Ax))2 

1 Y+l 

12  (Y-l) 

* 

A (x)  M(x  + Ax)  ^ 

1 + ^ [M(x)  ] 2 

which  can  be  solved  iteratively  for  M(x  + Ax)  knowing  A(x),  A(x  + Ax) 
and  M(x)  from  either  the  boundary  conditions  or  the  previous  step. 

G.  Boundary  Layer  Models 

The  calculations  were  carried  out  with  two  separate  boundary  layer 
models.  Both  of  these  are  well  documented  and  in  fairly  wide  use.  As 
a result,  the  discussion  will  be  limited  to  the  critical  elements  of  the 
two  programs. 

The  investigation  was  initiated  using  the  latest  version  of  a boun- 
dary layer  program  developed  by  Bradshaw. ^ This  is  a highly  sophisticated 
program  solving  a momentum,  continuity,  turbulent  shear  stress  and 
temperature  equation.  The  governing  relations  are  non-linear,  first- 
order,  hyperbolic  partial  differential  equations.  These  are  solved  using 


the  method  of  characteristics  as  described  in  references  66,  67,  and 
68.  This  is  an  extremely  versatile  program  and  includes  the  capability 
to  simulate  wall  roughness,  longitudinal  and  transverse  curvature  and 
lateral  divergence.  The  particular  version  of  the  program  employed 
is  valid  for  Mach  numbers  of  less  them  about  5. 

This  program  models  only  turbulent  boundary  layers  and  is  normally 
initiated  by  presuming  a boundary  layer  transition  location  or  an 
initial  boundary  layer  momentum  thickness  Reynolds  number  and  skin 
friction  coefficient.  The  program  is  terminated  upon  completion  of  the 
computation  or  upon  boundary  layer  separation,  in  this  instance 
separation  is  defined  as  the  point  at  which  the  skin  friction  coefficient 
goes  to  zero  or  the  out-going  characteristic  is  directed  inward  toward 
the  wall. 

The  previously  described  method  is  obviously  complex,  and  since 
inviscid-boundary  layer  matching  was  to  be  carried  out  requiring  multiple 
boundary  layer  computations,  a less  complex  integral  technique  was 
also  evaluated.  This  approach  is  described  in  reference  69  and  consists 
of  both  a laminar  and  a turbulent  boundary  layer  simulation. 

The  laminar  boundary  layer  computations  use  the  approach  developed 

by  Cohen  and  Reshotko,  reference  70.  The  governing  differential  equations 

are  expressed  in  terms  of  dimensionless  parameters  related  to  wall 

shear  stress,  surface  heat  transfer  and  the  free-stream  velocity  gradient. 

This  yields  two  equations  with  two  unknowns.  The  system  of  equations 

is  reduced  to  one  first-order,  ordinary,  non-linear,  non-homogeneous 

differential  equation  in  terms  of  a free-stream  velocity  gradient 

71 

parameter  by  employing  Thwaites  correlation. 

The  turbulent  boundary  layer  model  is  also  integral  in  nature  and 

uses  the  momentum  and  moment-of -momentum  integral  boundary  layer  equa- 

72 

tions  following  Sasman  and  Cresci.  This  calculation  is  initiated  with 
values  supplied  from  the  previously  described  laminar  solution. 

Boundary  layer  transition  is  specified  following  the  methods  of 
reference  32  extended  via  the  data  of  reference  51  to  account  for  the 
effects  of  free-stream  turbulence.  Separation  is  assumed  to  occur  in 
the  laminar  calculation  when  passes  from  a positive  to  negative 
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value.  The  latter  criterion  has  been  chosen  to  be  consistent  with 
experimental  data. 

The  bulk  of  the  calculations  discussed  in  the  ensuing  sections 
were  carried  out  using  the  integral  technique  of  reference  69.  Selected 
cases  were,  however,  analyzed  using  both  the  Bradshaw  and  integral  methods 
with  the  results  in  general  agreement.  This  verified  the  overall  accuracy 
of  the  simplified  integral  approach. 


H.  The  Discharge  Coefficients 


The  discharge  coefficient  can  be  related  to  the  flow  field  character- 


istics by  utilizing  the  basic  definition  of  the  mass  flow  rate  through 

, , 52 

the  venturi,  i.e.. 


*t  = AtY\/ 2gcPiCpi  - Pt)/(1  " dr' 


) 


(74) 


where 


Rp 


2/Y 


1/2 


(75) 


2 

Note  that  dr  = d/D,  Afc  = nd  /4,  Rp  « P2^pl  and  the  subscript  i denotes 
the  inlet  station  and  t the  outlet  or  throat  station. 


The  actual  mass  flow  rate  is  related  to  the  theoretical  value  by 
means  of  a discharge  coefficient  and 


m . *=  C = C . A 
act  d t d 


Ap/(1  - dr  ) 


(76) 


The  discharge  coefficient  is  normally  determined  empirically  and  is 
dependent  on  the  Reynolds  number,  the  Mach  number,  the  diameter  ratio 


52 

and  a heat  trams fer  parameter  for  irreversible  changes.  Thus 

Cj  ' Cd(Re,  M,  dr,  qw)  (77) 


or 


Cd  “ Cd(Re'  M'  dr) 

when  no  heat  transfer  occurs  between  the  fluid  and  the  pipe. 

The  mass  flow  rate  through  the  venturi  throat  cam  be  written  as 


(78) 


. u.  ~ a - 
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and 


cd  "l1  - r ) ■ 1 - 4Vd 


(82) 


As  a consequence,  the  discharge  coefficient  can  be  directly  related  to  the 
boundary  layer  displacement  thickness.  Note  that  the  relationship  of 
equation  (82)  presumes  that  the  inviscid  portion  of  the  flow  field  is 
quasi-one-dimensional,  i.e.,  at  a given  x-station  the  velocity  field 
outside  the  boundary  layer  is  independent  of  radius.  This  is  not  ac- 
tually the  case,  and,  thus,  equation  (82)  represents  the  upper  boundary 
for  the  discharge  coefficient. 


I.  Convergence  Procedure 


The  convergence  procedure  used  in  matching  the  inviscid  and  boundary 
layer  solutions  is  discussed  in  Section  II. D.  This  process  consists  of 
obtaining  a solution  to  the  inviscid  flow  field  and  boundary  layer  by 
means  of  the  boundary  layer  displacement  thickness. 


Both  danped  and  undamped  paths  may  be  employed.  The  current 


6 (x)  value  may  be  defined  as 


6 (x) 


X6*(x)  + (1  - X)  6* (x) 


(83) 


where  X denotes  a damping  factor  which  is  bounded  by  0 and  1,  i.e., 

0 £ X £ 1.  The  speed  and  stability  of  the  convergence  process  can  be 
influenced  markedly  by  the  X value. 


Figure  61  shows  the  convergence  behavior  for  a typical  venturi 
computation  with  a series  of  X values. 
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Damping  coefficients  of  from  0.6  to  0.9  are  shown  in  Figure  61 
with  0.6  being  unstable  and  0.75,  0.8  and  0.9  having  increasing  degrees 
of  stability.  The  number  of  iterations  required  for  a converged 
solution  increases  with  increased  damping  factor.  As  a consequence  X 
must  be  large  enough  to  prevent  oscillations,  but  small  enough  to 
yield  reasonable  computing  times.  The  computations  discussed  in  the 
following  section  normally  employed  X values  of  from  0.75  to  0.90  with 
20  to  40  iterations  required  for  convergence. 

J.  Computed  Universal  Venturi  Discharge  Coefficients 

1.  Axial  Variation  of  Boundary  Layer  Parameters  Within  the 

Venturi 

The  computation  of  the  venturi  discharge  coefficient 
entails  integration  of  both  the  viscous  and  inviscid  equations 
along  the  entire  flow  path  length.  As  a consequence,  the  Mach 
number,  skin  friction  coefficient,  displacement  thickness  and 
boundary  layer  thickness  are  defined  from  the  system  inlet  to 
the  venturi  exit,  a distance  of  approximately  80  feet  in  some 
cases. 

The  variability  of  these  parameters  for  the  12.5  inch 

venturi  under  the  maximum  flow  rate  conditions  of  t = 1960°R 

6 9 

and  Rei  = 0.231  x 10  , Table  23,  are  shown  in  Figures  62  through 

65.  Three  heating  and/or  cooling  conditions  have  been  computed 
to  illustrate  this  effect  on  boundary  layer  development  and,  thus, 
discharge  coefficient. 


The  Mach  number  variation  with  axial  location  is  shown  in 
Figure  62.  The  venturi  cross-section  is  superimposed  on  the 
plot  with  the  peak  value  corresponding  to  the  venturi  throat. 

An  unexpected  result  of  the  analysis  was  the  predicted  boundary 
layer  separation  in  the  diffuser  for  two  of  the  three  calculations. 
This  is  not,  however,  inconsistent  with  conventional  diffuser 
practice  since  the  included  angle  of  10°  exceeds  the  normally 
recommended  value  of  1.5°. 
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Figure  62.  Venturi  Mach  Numbers 


Figure  63.  Venturi  Skin  Friction  Coefficients 


Figure  64.  Venturi  Displacement  Thicknesses 


Figure  65.  Venturi  Boundary  Layer  Thicknesses 


The  major  effect  of  heating  or  cooling  is  demonstrated  in 

the  skin  friction  plot.  Figure  63.  The  physical  interaction 

between  heat  transfer  and  the  onset  of  separation  is  not  com- 
73 

pletely  understood.  Cooling  the  wall  deepens  the  pressure 
gradient  while  reducing  the  extent  of  the  separated  region.  If 
the  wall  temperature  is  reduced  relative  to  the  adiabatic  wall 
temperature , separation  does  not  necessarily  occur  at  higher 
values  of  imposed  pressure  gradient  because  the  gas  viscosity  is 
reduced  by  cooling  which  favors  separation.  These  effects  are  to 
some  extent  off-setting;  however,  the  present  boundary  layer 
calculations  do  show  that  cooling  diminishes  separation  while 
heating  increases  the  extent  of  the  separated  region. 

As  can  be  expected,  the  effect  of  heat  transfer  on  the 
location  of  the  separation  point  in  a diffuser  is  extremely 
complex.  As  a result,  the  predicted  separation  or  lack  thereof 
must  be  treated  with  caution. 

The  displacement  thickness  and  boundary  layer  thickness  are 
shown  in  Figures  64  and  65.  Both  these  show  the  expected  trend 
of  a rapid  decrease  in  the  contraction  and  a substantial  increase 
in  the  diffuser.  Even  in  the  unseparated  case,  i*e.,  t^  “ 1960°R 

and  twl  - 1000°R,  the  boundary  layer  grows  rapidly  in  the  diffuser. 

The  boundary  layer  thickness  is  about  7.5"  at  the  diffuser  exit 
making  up  about  65%  of  the  flow  field. 

2.  Discharge  Coefficients  for  the  12.5  inch  Venturi 

The  computed  discharge  coefficients  for  the  12.5  inch 
venturi  are  plotted  in  Figure  66.  Computations  have  bee:,  carried 
out  for  two  entrance  lengths,  i.e.,  I m 60"  and  792",  tl.j  former 
corresponding  to  the  facility  and  the  latter  to  a likely  calibra- 
tion installation  and  for  one  turbulence  level.  Two  diabetic 
conditions  have  also  been  considered  - one  corresponding  to  gas 
heating  and  the  other  to  gas  cooling. 


178 


Figure  66.  Discharge  Coefficients  for  the  12.5"  Venturi 


As  can  be  seen  from  Figure  66,  the  entrance  length  has 
less  effect  on  the  discharge  coefficient  than  does  the  Reynolds 
number  on  heating/cooling.  The  discharge  coefficient  varies  by 
about  0.5%  over  the  total  range  of  conditions  considered. 

3.  Discharge  Coefficients  for  the  30.0  inch  Venturi 

Both  adiabatic  and  diabatic  conditions  have  been  employed 
in  the  30  inch  venturi  calculations.  The  results  of  the  adiabatic 
conditions,  i.e.,  t * twl,  are  shown  in  Figures  67  through  70. 

The  discharge  coefficient  varies  from  about  0.991  to  0.993  for 
Reynolds  numbers  (based  on  pipe  diameter)  of  from  0.8  to 
6.0  x 106.  There  is  a very  slight  compressibility  effect  — 
about  0.0002. 

The  effect  of  turbulence  level  on  discharge  coefficient 
is  shown  in  Figure  68.  This  is  for  the  same  temperature , mass 
flow  rate  and  entrance  length  conditions  as  Figure  67.  There 
is  a displacement  of  the  curve  downward  — increased  turbulence 
levels  increase  boundary  layer  thickness  and  thus  reduce  the 
discharge  coefficient  — by  about  0.002.  Again  there  is  a very 
slight  effect  due  to  the  different  throat  Mach  numbers  in  the  max- 
imum and  minimum  flow  rate  limit  cases. 

The  impact  of  entrance  length,  £.,  on  discharge  coefficient 
is  shown  in  Figures  68  and  69.  In  these  two  cases  the  entrance 
length  is  792  inches  or  16.50  pipe  diameters.  This  differs  sub- 
stantially from  the  previous  case  of  60  inches  or  1.25  pipe 
diameters.  The  entrance  length  has  a substantial  influence  on 
the  discharge  coefficients  reducing  the  values  by  about  0.005. 

The  Mach  number  affect  is  also  increased.  This  is  due  to  the 
greatly  thickened  venturi  boundary  layers  and  the  resulting  increase 
in  throat  Mach  n timbers.  All  in  all,  the  entrance  length  influences 
the  discharge  coefficient  values  far  more  than  does  any  other 
parameter . 

The  measured  turbulence  level  at  the  792  inch  entrance 
length  results  in  a further  decrease  in  discharge  coefficient 
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Figure  68.  Discharge  Coefficient  for  the  30"  Venturi 
i = 60"  and  Tu  = 2.5% 


Figure  69.  Discharge  Coefficient  for  the  30"  Venturi 
l - 792"  and  Tu  - 0.5% 


Figure  70.  Discharge  Coefficient  for  the  30"  Venturi 
l - 792"  and  Tu  » 2.5% 


values.  This  is  illustrated  in  Figure  69.  Again  note  the 
effect  of  Mach  number  on  the  values  in  the  "overlap  region" 

of  Reynolds  numbers,  i.e.,  1.7  < Re^  x 10  <2.2. 

The  maximum  variation  in  discharge  coefficient  is  about 
0.008  or  approximately  1%.  This  occurs  in  comparing  the  l ■ 60  in., 
Tu  = 0.5%  to  the  l = 792  in.,  Tu  = 2.5%.  This  illustrates  the 
importance  of  calibrating  the  venturis  in  a facility  having 
characteristics  similar  to  that  of  the  Compressor  Research  Facility 
mass  flow  rate  measurement  system. 

Thermal  effects  have  been  investigated  by  calculating 
discharge  coefficients  for  a series  of  wall  and  gas  temperatures . 
The  results  of  these  calculations  are  plotted  in  Figures  71 
through  74. 

Calculations  have  been  carried  out  for  H = 60  in., 

Tu  = 0.5%  and  2.5%,  At  = + 40°R  and  Reynolds  numbers  from  0.6  to 
6 x 106  where  At  - twl  - tg.  Discharge  coefficients  vary 

from  a low  of  0.9890  to  a high  of  0.9937  --  a range  of  about 
0.0047  or  approximately  0.5%.  The  bulk  of  this  variability  is 
due  to  Reynolds  number  and  not  to  heating  and/or  cooling.  The 
maximum  deviation  due  to  thermal  effects,  i.e.,  at  this  level 
+ 40°R,  is  about  0.0005  or  0.05%.  It  thus  appears  that  as  long 
as  gas-wall  temperature  differences  can  be  held  to  levels  of  less 
than  50°,  the  effect  on  the  discharge  coefficient  is  negligible. 

K.  Experimental  Calibration  of  the  CRF  Venturis 

The  CRF  venturis  have  been  calibrated  at  the  Alden  Research  Lab- 
oratories.74 Discharge  coefficients  as  a function  of  Reynolds  number 
have  been  obtained  for  four  separate  sets  of  pressure  taps  per  venturi. 

The  venturi  calibration  data  has  been  statistically  analyzed 
using  the  techniques  of  reference  75.  A linear  correlation  between 
Reynolds  number  and  discharge  coefficient  has  been  developed  and  the 
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Calculated  Discharge  Co- 
efficients for  the  30"  Venturi 

l = 60",  Tu  = 0.5%,  p.  » 

2 inlet 

20  lb  /in  and  At  = -40° 
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results  are  given  in  Table  25.  The  mean  value  of  the  discharge  coeffi- 
cient, CC  ) , over  the  stated  Reynolds  number  range,  i.e.,  (Re  ) . £ 


Re  < 


(Re  ) 

D max 


as  well  as  the  maximum  error  or  deviation 


e = A + A Re  - C (Re  ) 
0 1 D d D 


(84) 


is  also  given. 

The  data  for  the  12.5  inch  venturi  showed  the  analytically  de- 
monstrated trend  of  increasing  discharge  coefficient  with  Reynolds 
number  and  this  data  was  piece-wise  fit  using  two  curve  segments.  The 
data  for  all  other  venturis  was  analyzed  using  one  curve.  The  measured 
and  correlated  values  for  each  venturi  and  pressure  tap  set  are  shown 
in  Figures  75  through  90. 

The  maximum  deviation  between  the  least  squares  straight  line  and 
the  experimental  data  is  approximately  0.2  - 0.3%.  This  is  considerably 
less  than  the  deviation  between  the  average  discharge  coefficient  and 
the  extremes  of  the  data  - a value  of  about  0.4  - 0.5%.  This  indicates 
that  the  discharge  coefficient  must  be  treated  as  a function  of  the 
Reynolds  number  and  not  as  a constant  value. 

I>.  Comparison  of  Experimental  and  Theoretical  Results 

The  calibration  results  of  Section  XIX. K can  be  compared  to  the 
theoretically  determined  discharge  coefficients.  Since  both  the  turbu- 
lence level  and  entrance  length  were  unknown  in  the  calibration  - 
the  latter  due  to  an  elbow  and  flow  straightening  section  upstream 
of  the  venturi,  the  envelope  of  the  adiabatic  calculations  will  be 
compared  to  the  experimental  results . Data  from  all  four  sets  of 
pressure  taps  is  shown  in  Figure  91.  The  analytic  values  hound  most 
of  the  data;  however,  the  data  scatter  makes  it  difficult  to  draw 
any  definitive  conclusions. 
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Figure  76.  Measured  and  Cor- 
related Discharge  Coefficient. 
Venturi  48901-1 . Tap  Set  3-4 
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Figure  83.  Measured  and  Cor- 
related Discharge  Coefficient 
Venturi  48901-3.  Tap  Set  1 - 


B . I . F . VENTUR I 
SER  NO  48901-3 
TOP  SET  1-2 


A 


A 


MEASURED  a 
CORRELATED  --- 


A 


J L 


MEASURED 


B . I .F . VENTURI 
SER  NO  48901-3 
TRP  SET  5-6 


A 

A 


A 


*A- 


A 


1 


A 

CORRELATED  --- 


A 

A 


J L 


0.960  0.970  0.980  0.990  1.000 


Figure  86.  Measured  and  Cor- 
related Discharge  Coefficient 
Venturi  48901-3.  Tap  Set  7 - 
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Figure  87.  Measured  and  Cor- 
related Discharge  Coefficient. 
Venturi  48901-4.  Tap  Set  1-2 


B . I . F . VENTUR  I 
SER  NO  48901-4 
TOP  SET  1-2 


MEASURED  a 
CORRELATED  --- 





RE  X 1 0 


.960  0.970  0.980  0.990  1.000 


Figure  88.  Measured  and  Cor- 
related Discharge  Coefficient 
Venturi  48901-4.  Tap  Set  3 - 
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Figure  90 . Measured  and  Cor- 
related Discharge  Coefficient. 
Venturi  48901-4.  Tap  Set  7-8 
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Figure  91.  Experimentally  Determined  Discharge  Coefficients 


M.  Summary 


The  objectives  of  the  aerodynamic  analysis  of  the  Compressor  Re- 
search Facility  core  flow  measurement  system  were: 

1)  Quantify  the  effects  of  Reynolds  number  and  wall  heating 
and/or  cooling  on  boundary  layer  development  and,  thus, 
the  discharge  coefficient. 

2)  Determine  the  impact  of  calibration  installation  differences 
from  the  facility  geometry  on  discharge  coefficients. 

3)  Statistically  analyze  the  calibration  data. 

4)  Compare  the  experimentally  and  analytically  determined  dis- 
charge coefficients. 

The  facility  utilizes  four  venturis,  two  at  a time,  of  three 
different  sizes.  Two  configurations,  12.5  inch  and  30.0  inch  throat 
diameter,  were  chosen  for  analysis.  The  venturis  operate  over  a range 
of  temperatures  and  mass  flow  rates.  The  minimum  and  maximum  flow  rate 
conditions  were  employed  in  the  calculation.  This  produced  a Mach 
number  effect  as  the  two  conditions  corresponded  to  Mach  numbers  of 
approximately  0.2  and  0.8  for  the  12.5  inch  unit  and  0.2  and  0.5  for 
the  30  inch  unit.  The  variation  in  mass  flow  rate  generated  a 

Reynolds  number  range  of  from  8.7  x 104  to  1.006  x 106  for  the  12.5 

inch  venturi  and  from  5.98  x 10^  to  6.073  x 10^  for  the  30.0  inch  univer- 
sal venturi. 

Computations  for  the  12.5  inch  venturi  showed  that  installation 
effects,  i.e.,  entrance  length  changes  of  from  60  to  792  inches,  had 
less  influence  on  the  discharge  coefficients  than  did  the  Reynolds 
number.  Furthermore,  Mach  number  effects  were  clearly  evident  but  of 
only  0.08%  in  magnitude. 

Moreover,  the  results  obtained  for  the  12.5  inch  venturi  also 
indicate  that,  under  some  conditions,  the  universal  venturis  have  sub- 
stantial regions  of  separated  flow.  The  occurrence  of  separated  flow 
in  the  diffuser  does  not  necessarily  imply  measurement  inaccuracies.  It 
is  certainly  possible  to  determine  a unique  calibration  for  the  device 
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with  diffuser  stall,  e.g.,  an  orifice  operates  with  complete  flow  sep- 
aration downstream  of  the  element.  This,  however,  presumes  that  all 
measurements  are  made  upstream  or  in  the  venturi  throat  and  not  in  the 
discharge.  Measurements  made  downstream  of  the  venturi  will  be  un- 
certain and  subject  to  time-dependent  oscillations.  In  fact,  the  major 
detriment  of  diffuser  stall  is  the  generation  of  time-dependent  pressure 
pulsations  which  can  propogate  upstream  and  influence  the  throat  pressure 

measurements.  This  is  of  no  consequence  in  an  orifice  since  the  pressure 
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drop  is  relatively  large  when  compared  to  a subsonic  venturi.  This  - 
if  of  sufficient  magnitude  - will  increase  the  throat  static  pressure 
measurement  uncertainty.  In  any  event,  calibration  of  the  venturi  with 
downstream  pressure  and  temperature  measurements  is  not  recommended. 

The  results  of  the  analysis  of  the  30.0  inch  venturi  show  less 
dependence  on  Reynolds  number  than  the  12.5  inch  unit.  The  discharge 
coefficient  varies  by  about  0.2%  over  the  range  of  values  considered. 

The  Mach  number  effect  is  also  smaller  amounting  to  about  0.02%. 

Analysis  for  different  free-stream  turbulence  levels  indicates 
that  discharge  coefficients  are  reduced  by  about  0.2%  for  an  increase  of 
from  0.5  to  2.5%  in  turbulence.  There  is  also  a very  slight  effect  due 
to  throat  Mach  number. 

The  entrance  length  has  a substantial  influence  on  the  30.0  inch 
venturi  discharge  coefficient  reducing  the  values  by  about  0.5%,  for 
length  changes  of  from  60  to  792  inches.  This  is  due  to  the  thickened 
throat  boundary  layers  developed  over  the  greater  length.  Note  that  this 
effect  is  more  important  for  the  30.0  than  for  the  12.5  inch  unit. 

Thermal  effects  for  wall-gas  temperature  differences  of  + 40°R 
results  in  a variation  in  discharge  coefficient  of  about  0.05%.  Con- 
sequently, these  can  be  ignored  provided  temperature  difference  can 
be  maintained  at  levels  of  less  than  about  50° . 

A comparison  of  experimental  and  theoretical  results  shows  that 
the  bulk  of  the  calibration  data  falls  within  the  envelope  of  analytic 
results.  Note  that  the  range  of  the  calibration  Reynolds  numbers  is 
much  less  than  the  actual  operational  envelope.  This  along  with  the 
data  scatter,  however,  precludes  any  more  definitive  conclusions. 
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SECTION  IV 

DERIVATION  OF  AN  IMPROVED 
MATHEMATICAL  MODEL  FOR 
VENTURI  FLOWS 


A.  Introduction 


The  computations  of  Section  III  indicate  that  under  some  conditions 
the  installation  effects  can  alter  venturi  discharge  coefficients  by  as 
much  as  0.3  - 0.5%  Since  the  overall  flow  measurement  accuracy  is  to  be 
1%,  this  represents  a significant  uncertainty  in  the  overall  calibration/ 
measurement  process. 

Calibrations  carried  out  to  date  on  the  CRF  universal  venturis 
have  not  covered  the  complete  operational  Reynolds  number  range. 
Furthermore  data  scatter  precludes  any  systematic  extrapolation  of  the 
experimental  results  per  se. 

An  estimate  of  the  installation  effects  and  a systematic  extrapo- 
lation of  the  calibration  data  can  be  carried  out  with  an  improved 
mathematical  model  for  venturi  flows.  As  a consequence,  a new  technique 
has  been  developed. 

The  basic  approach  employed  is  similar  to  that  of  Section  III  in 
that  inviscid  and  boundary  layer  solutions  are  serially  combined  via  the 
boundary  layer  displacement  thickness.  The  overall  program  contains 
the  following  elements: 

1)  A routine  to  match  the  inviscid-viscous  solution  and  control 
the  iteration. 

2)  A laminar-transitional-turbulent  boundary  layer  routine 
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using  the  turbulence  structural  hypothesis  and  the  transi- 
tion computation  of  Section  III. 

3)  A quasi-three  dimensional  inviscid  solution  algorithm 
developed  by  AMO  Smith. 

The  laminar-transitional-turbulent  boundary  layer  routine  has  been 
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generated  by  modifying  a technique  originated  by  Ferriss  and  further 
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developed  by  Huffman.  This  technique  employs  an  implicit-explicit 
numerical  method  in  conjunction  with  the  turbulence  structural  hypo- 
thesis. The  extension  of  the  method  to  laminar  flows  is  fairly  straight- 
forward since  provisions  were  made  to  include  all  the  viscous  terms 
in  the  equations  of  motion.  Inclusion  of  a transition  routine  employing 
integral  boundary  layer  properties  is  considerably  more  complex,  but 
has  been  implemented. 

The  overall  technique  has  now  been  developed  and  programmed . The 
mathematical  framework,  empirical  functions  for  both  transition  and  the 
turbulence  model  and  the  program  logical  structure  are  discussed  in  the 
ensuing  sections. 

B.  Variable  Grid  Finite-Difference  Module 


Since  boundary  layer  length  scales  differ  by  an  order  of  mag- 
nitude, the  axial  and  normal  differences,  i.e.,  Ax  and  Ay,  must  likewise 
differ.  Furthermore , since  property  gradients  tend  to  be  greatest  at 
the  wall.  Ay  should  also  vary — being  smallest  at  the  wall  and  largest 
at  the  viscous-inviscid  boundary.  These  characteristics  are  illustrated 
in  Figure  92  where 


Ay  is  the  "nominal"  grid  spacing  and  ri  is  a grid  expansion  factor, 
i.e.,  ti  > 1.  The  effective  Ay  can  be  written  as  n*Ay  so  that  the  grid 
expansion  is  due  both  to  T)  and  position.  For  T|  value  of  1.1  and  25  grid 
points,  the  outermost  spacing  is  10.8  times  the  innermost.  This  approach 
yields  a very  "fine"  inner  mesh  with  a rather  "coarse"  outer  spacing. 

The  first  and  second  derivatives  for  an  arbitrary  property  <f>  can 
be  witten  in  terms  of  a Taylor's  series  expansion  as 
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2 2 

which  can  be  used  to  obtain  {3<|)/9y)i  and  (3  4>/3y  )i  in  conjunction  with 
equation  (85) . The  resulting  forms  sure 
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3y 


Ayn1  (n  + i)|  1+1 


- (n  - D4>; 


i-Vij 


(87) 


and 
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(88) 


The  differencing  in  the  streamwise  direction  is  more  straightforward 


and 


(&),  ■ k(Vnl  -*t 


(o) 


(89) 


where  the  superscripts  (n)  and  (o)  denote  the  previous  and  current 
x stations. 

C.  Equations  of  Motion 


The  equations  of  motion  for  a laminar  and/or  turbulent  boundary 
layer  can  be  written  as 


3U.  3U. 
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following  Bradshaw  and  Ferriss^6  with  the  viscous  terms  — 

2 2 8 Td 

(1/Re) (9  U./9Y  ) and  (1/Re) ( ) — now  added.  The  addition  ot 

d 9Y2 

these  terms  changes  the  basic  nature  of  the  equations  from  hyperbolic 
to  parabolic  and  necessitates  an  alternate  solution  procedure.  All 
the  parameters  of  equations  (90) , (91)  and  (92)  are  dimensionless  with 
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Equations  (90)  and  (91)  can  be  generalized  by  noting  that  each 
equation  contains  9/9X,  9/9Y,  92/3y2  and  the  first  derivative  with  re- 
spect to  Y of  the  other  independent  variable , i . e . , 


a3£  + b2£  + 

A 9X  3y 


(94) 


where  D(3f/9Y)  represents  the  coupling  term  and  E the  source  term. 

Note  that  <P  and  F represent  U and  T with  A,  B,  C,  D,  and  E denoting  the 
various  coefficients/  i.e.. 


A * U. 


a - IT, 


B ■ V. 
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G c - -1/Re 


D - -1 


d - -2alTd 
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D.  Finite-Difference  Form  of  the  Equations  of  Motion 

The  finite  difference  approximations  of  Section  IV. B.  can  be 
extended  to  an  implicit-explicit  formulation  by  combining  upstream 
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and  downstream  terms,  e.g., 


9({> 

9Y 


In) 


+ (1  - e) 


9<t> 

9Y 


(o) 


(96) 


and 


( ift 

\ 9Y2 


/ a2.  Cn) 

«(H 

\ 9yz 


/ aV0> 

+ (1  - e)  — | 

\ 9Y 


Note  that  the  finite-difference  approximations  can  be  simplified 
considerably  by  defining 


(97) 


= 1/lAYn  Cn  + 1)] 


(98) 


and 
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(99) 


With  equations  (96)  and  (97)  equation  (94)  takes  the  form 
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where  (A<()/AY)i  denotes  the  finite-difference  approximation  to  9<J>/9Y, 
etc. 

Substitution  of  equations  (87)  , (88)  , (98)  and  (99)  for  A<|>/AY 
and  A2<|>/AY2  respectively  and  collecting  terms  yields 
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This  relationship  can  be  written  symbolically  as 


. A(n) 

Vi-1 
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where  A.  , B^,  I\  and  are  known  and  <{>fn^  is  to  be  determined  for 
all  i. 


Equation  (101)  is  valid  for  both  the  momentum  and  shear  stress 
equation  with  4>  corresponding  to  in  the  former  and  in  the  latter. 

F then  takes  the  other  variable  with  a,  b,  c,  d,  and  e replacing  A, 

B,  C,  D,  and  E in  the  shear  stress  case. 


E.  Solution  Procedure 


Equation  (102)  denotes  a system  of  relations  since  i takes  on  the 
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The  subscripts  o and  1+1  denote  the  boundary  conditions — inner  and 
outer  respectively--and  thus  these  values/  and  <t>  / are 

known.  The  coefficients  can  then  be  redefined  as 
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and  equation  (103)  becomes 
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Equation  (105)  can  be  solved  by  means  of  the  Thomas  algorithm  for 
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tridiagonal  matrices.  The  recursive  relationships 
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F. 


Normal  Velocity  Calculation 


The  linearization  procedure  employed  in  this  and  in  other  boun- 
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dary  layer  solution  techniques  effectively  "uncouples"  the  normal 
velocity  from  the  shear  stress  and  streamwise  velocity.  As  a result 
the  Vd velocity  can  be  determined  from  the  known  and  values.  An 
independent  relation  for  V^can  be  derived  by  combining  the  momentum 
and  continuity  equations,  i.e.. 
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This  relationship  can  be  solved  for  by  using  a finite  difference 

i 

approximation.  Thus 


= [AYn  <*>.  + ud  vd  ]/ud 
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Note  that  a "two-point"  expansion  has  been  used  for  Vd>  Since 

equation  (109)  represents  a marching  procedure,  a three-point  formu- 
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lation  would  be  unstable  for  all  AY. 


G.  Initial  Velocity  and  Shear  Stress  Profiles 

The  calculation  procedure  of  Section  IV. E.  must  be  initiated  with 
known  initial  and  boundary  conditions,  i.e.,  and  ♦ ^ as  well 

as  $ must  be  specified.  Prescribed  velocity  and  shear  stress  pro- 
files can  be  used  for  this  purpose  or  "equilibrium"  solutions  can  be 
employed  to  initiate  or  start  the  solution  procedure. 

The  laminar  boundary  layer  calculation  can  be  initiated  with  a 
32 

Blasius  solution,  i.e., 

U.  - U.  f • (H)  (110) 

a d 


where 


<^7 


-34  -47 

f • (H)  - 0.4696  H - 9.189  x 10  H + 2.260  x 10  H 


5.026  x 10-6  H10  + 1.023  x 10~7  H13 


The  latter  relationship  is  derived  in  reference  82. 

The  boundary  layer  thickness  A,  i.e.,  can  be  written  as 


A - 4.950  /X  /Re 


0.0408  A Re 


With  A and  Re  specified,  equation  (112)  can  be  used  to  determine 

X and  the  velocity  profile  determined  from  equations  (110)  and 
eq 

(111)  . Note  that  this  "starting"  solution  is  only  valid  for  zero 
pressure  gradient  conditions. 

The  initial  condition  for  a turbulent  boundary  layer  follows  the 
approach  of  Bradshaw83  extended  to  the  inner  region.  In  particular, 
the  velocity  profile  takes  the  form 


. f(-~)  + — ^ (1  - costt  y/6)  (11 

where  yUT/v  denotes  y+  and  f(y+)  the  inner  layer  or  "log  law"  function. 
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The  second  term  denotes  the  outer  or  "wake"  region. 


The  inner  region  solution  can  be  obtained  from 


i * 

’Cy+)  - f 
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where  denotes  the  dimensionless  mixing  length  and  is  given  as 
m 
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(115) 


l+  - (<y+)  [1  - exp  (-y+/A+) ] 2 


A is  discussed  in  Section  IV.  J. 

The  velocity  profile  can  be  written  in  terms  of  dimensionless 
variables  as 


B 

u - IK  [f  (y+)  - f (6+)  ] + U . - ^ [1  + cos  (it  y/6)  ] 

d dT  doo  2 


(116) 


The  wake  coefficient  B is  obtained  in  an  iterative  manner  with 

w 

the  skin  friction  coefficient,  Cf,  and  the  momentum  thickness  Reynolds 
number,  Re-,  specified.  The  parameter  G is  defined  as 

■rr7i 

where  K is  the  log- law  constant  0.41  and 


B = 1 - G{2.12  + In  (KG  Reo/(0/6) ] } 
w 0 


(117) 


with 


G + B /2  - 2G2  - 0.375B  2 - 1.59B  G 
w w w 


1 + (49  - 297  G) /Re 


(118) 
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Furthermore 

G = 1/  {2.12  + In  [kg  ReQ/(0/6) ] when  Bw  < -0.01  (119) 

The  above  system  of  equations  is  derived  in  reference  83  and  is  solved 
iteratively.  A value  for  0/6  is  assumed  and  equations  (117)  and  (118) 
solved.  The  new  value  of  9/6  is  employed  in  the  solution  of  equation 
(117)  and  the  process  continued  until  successive  0/6  values  agree. 

The  shear  stress  profile  is  obtained  from  the  velocity  gradient 
and  mixing  length  as 


T . **  L 2 (3U./3Y)2 
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n 


with  OU  /3Y)  obtained  from  equation  (116)  and  L defined  as 
q in 


L * kY[1  - exp  (-y+/A+)]\rl  - 3.7  (Y/ A)1*6 
m 


0 <Y/h  <_  0.2 

L - KY  {1.252  exp  (-1.95  Y/L) } 0.2  < Y/L  (12) 

m 

Velocity  and  shear  stress  profiles  generated  with  the  above  re- 
lationships are  plotted  in  Figures  93  and  94.  The  conditions  correspond 

Q6 

to  those  of  Klebanoff  with  the  calculated  and  measured  results  in 
agreement . 


H.  Boundary  Layer  Integral  Properties 


The  empirical  length  scales  as  well  as  the  transition  calculations 
enploy  boundary  layer  "integral"  properties,  i.e.,  skin  friction  coeffi- 
cient, displacement  thickness  and  momentum  thickness.  These 
can  be  readily  calculated  once  the  velocity  profile  is  known.  The 
boundary  layer  integral  equation  cam  itself  be  used  to  check  the  accuracy 
of  the  numerical  technique.  These  calculations  are  outlined  in  the 
following  paragraphs . 

The  skin  friction  coefficient  is  defined  as 

Cf  - ry(j  PU l)  (122] 

where  denotes  the  wall  shear  stress,  y(3o/3y)w^.  In  terms  of  di- 
mensionless variables,  equation  (112)  becomes 
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where  A denotes  the  boundary  layer  thickness,  6/i^.  This  is  defined  as 

the  Y value  at  which  U./U  *=  0.995. 

d d 
00 

The  uncertainty  in  the  calculation  can  be  estimated  by  independently 
computing  both  sides  of  the  momentum  integral  equation  and  comparing 
the  results.  Any  difference  in  these  two  values  is  indicative  of  momen- 
tum gain  or  loss.  The  momentum  integral  equation  is 


0_ 
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dX 
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(126) 


With  all  parameters  independently  computed,  0^,  A*,  and  C^,  the  error 

in  the  procedure  can  be  estimated. 


Note  that  the  integrals  of  equations  (124)  and  (125)  are  computed 

using  the  trapezoidal  rule  with  d0  /dX  and  du.  /dX  determined  using  the 

m d„ 

00 

differencing  of  Section  IV. B. 


I.  Transition  Prediction 


While  the  governing  system  of  equations,  i.e.,  equations  (90), 

(91)  and  (92)  is  formally  capable  of  predicting  transition  given  some 

initial  shear  stress  perturbation,  it  was  decided  to  use  a more  empir- 
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ical  technique.  This  model  rather  than  a shear  stress  growth 
88 

approach  was  chosen  because  of  its  demonstrated  reliability  and 
ability  to  reproduce  experimental  results.  The  use  of  a "phenomeno- 
logically" based  transition  prediction  is  certainly  a worthwhile  goal 
but  undoubtedly  a research  project  in  itself. 


As  the  boundary  layer  thickens  in  the  downstream  flow  direction, 
the  laminar  flow  tends  to  become  unstable  and  undergoes  transition  to 
turbulent  flow  under  the  stimulus  of  disturbances  in  the  flow.  The 
transition  zone  extends  from  the  point  where  the  mean  velocity  profile 
of  the  laminar  boundary  layer  begins  to  change  to  the  point  where  the 
mean  velocity  profile  of  the  turbulent  boundary  layer  first  appears. 

In  general,  the  transition  zone  is  short  enough  to  be  adequately  rep- 
resented by  a transition  point,  i.e.,  the  laminar  flow  model  is  employed 
until  transition  occurs  and  then  the  turbulent  model  is  used.  The 
position  of  transition  depends  largely  upon  the  interaction  of  the  boun- 
dary layer  with  random  flow  disturbances.  The  parameters  most  signifi- 
cantly affecting  the  transition  position  are: 

(i)  the  momentum  thickness  Reynolds  number,  Reg,* 

(ii)  the  pressure  gradient  in  the  flow  direction,  du^  /dX; 

oo  00 

(iii)  the  curvature  of  the  surface. 

The  source  of  flow  disturbances  can  be  due  to: 

(i)  free-stream  turbulence  levels; 

(ii)  surface  roughness; 

(iii)  noise  being  transmitted  through  the  fluid. 

As  shown  theoretically  by  numerous  investigators,  the  laminar 
boundary  layer  exhibits  stability  characteristics  which  are  largely 
governed  by  Reynolds  number  and  pressure  gradient.  Transition  then 
can  be  thought  of  as  consisting  first  of  a point  of  instability  fol- 
lowed by  a transition  zone  and  finally  by  a point  of  transition.  The 
point  of  instability  being  functionally  dependent  upon  Reg  and 

U.  du.  /dX  with  the  extent  of  the  transition  zone  determined  by 
a a 

00  oo 

U.  du  /dX  averaged  over  the  length  of  the  zone  and  the  free-stream  tur- 
a a 

oo  00 

bulence  level. 
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The  momentum  thickness  Reynolds  number  at  the  point  of  neutral 

stability,  Refl  , has  been  correlated  with  the  pressure  gradient  para- 
0 ,n 

2 

meters,  9 dU/dx/V,  in  reference  89.  This  relationship  is  shown  in 
m 

Figure  95.  Functionally,  this  can  be  written  as 


Re 


0 ,n 


Re  0 
d_  m 
oo  n 


02Fe 
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(127) 


As  noted  above,  the  extent  of  the  transition  region  is  a function  of 
both  pressure  gradient  and  turbulence  level.  These  two  effects  have 
been  correlated  separately  and  are  shown  in  Figure  96  and  97  respectively. 


The  relationships  of  Figure  96  can  be  denoted  as 
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where 
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Figure  97  shows  the  effect  of  free-stream  turbulence  level  on 
transition  under  conditions  of  zero  pressure  gradient.  Functionally 
this  becomes 


(ARe0)2  = ReUd 


(0, 
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) = f3(Tu) 


(130) 


Equations  (127)  through  (130)  can  be  combined  to  compute  the 
transition  point  in  the  presence  of  both  free-stream  turbulence  and 
pressure  gradients  and 
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(131) 


where  the  subscript  0 denotes  a zero  pressure  gradient  condition.  All 

the  parameters  on  the  left-hand  side  of  equation  (131)  can  be  confuted 

as  the  boundary  layer  develops.  When  0 > 0 , an  unstable  condition 

m — m_ 
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(a Re©)  1 , Difference  Between  Reynolds  Numbers  of 
Neutral  Stability  and  Transition 


. i 


I 


I 

I 


2 

occurs  and  the  computation  of  < 0 Re  dU.  /dx  > is  initiated.  0 

m d»  mtb 

is  then  determined  at  each  downstream  station  following  equation  (131) 

and  Figures  95  through  97.  The  boundary  layer  is  deemed  turbulent 

when  0 > 0 .At  this  point,  the  turbulent  boundary  layer  starting 

m-  mtb 

routine.  Section  IV. G.,  is  used  to  generate  a turbulent  velocity  and 
shear  stress  profile  and  the  calculation  continues. 


J.  Empirical  Functions 

The  accuracy  of  the  turbulent  boundary  layer  calculations 

depends  on  the  empirical  functions  a.,  £ and  G.  These  were  originally 

66  1 

formulated  by  Bradshaw,  et.al.  as 


with 


and 


a^  = 0.15 

(132) 

L/A  = fx(Y/A) 

(133) 

G 

■ l/Ta  /ud 2 VI/4) 

(134) 

f max  °° 

fx (Y/A) 

= k(Y/A) 

0 < Y/A  < 0.18 

f1 (Y/A) 

= 0.095  - 0.055(2  ^ - l)2 

0.18  £ Y/A  < 1.1 

(Y/A) 

= 0.016  exp (-10 (Y/A  - 1.1)} 

1.1  £ Y/A 

(135) 

f2(Y/A) 

= 17.5 (Y/A) 1,86 

0 <_  Y/A  < 0.63 

f2  (Y/A) 

- 09.0 (Y/A)  - 49.75 

0.63  < Y/A  < 0.89 

f2 (Y/A) 

- 18.7 (Y/A)  + 14.85 

0.89  <_  Y/A 

(136) 

In  order  to  account  for  wall  effects  both  L/A  and  G were  modified 

by  multiplication  by  a wall  function  f and  f where 

W1  w2 
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ginally  developed  by  van  Driest  and  extended  by  a number  of  investi- 

91  92 

gators  including  Cebeci  and  Smith  and  Huffman  and  Bradshaw.  Fol- 
lowing the  format  of  reference  92,  f (y+)  becomes 

W1 

fw  (y+)  = 1 - exp  {-V/r^y+/A+}  (137) 

where  = [(3u/3Y)/Re  + Tdl/[Ud  2 (Cf/2)  ] and  A+  is  a function  of  the 

00 

average  value  of  3T^/^y+  in  the  wall  region.  The  A = A (<  3xt£/3y  > ) 

relation  is  shown  in  Figure  98  which  is  described  in  detail  in  reference  93. 

In  order  to  reproduce  a mixing  length  formulation  in  the  inner 
region,  i.e.,  production  equals  dissipation,  G is  set  to  zero  for 
Y/A  < 0.18  and 

f (Y/A)  =0  0 < Y/A  < 0.18 

W2 

f (Y/A)  - 1 0.18  < Y/A  (138) 

W2 

The  overall  variation  of  L and  G (using  the  wall  function  f 

1 

rather  than  f for  G,  with  position  is  shown  in  Figure  99  and  100. 
w2 

The  gradient  of  G,  3G/3Y,  is  shown  in  Figure  101. 
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K. 


Program  Structure 


The  computer  program  embodying  the  concepts  and  equations  of 
Sections  IV. A.  through  IV. J.  is  listed  in  reference  94.  The  program 
structure  reflects  the  mathematical  formulation  described  in  the 
previous  sections  and  is  outlined  in  Figure  102. 

The  program  is  initiated  by  specifying  input  and  control  para- 
meters. Following  this  step,  the  initial  velocity  and  shear  stress  — 
if  appropriate  — profiles  are  determined.  The  boundary  layer  integral 
properties  and  the  integral  momentum  balance  calculations  are  performed. 
The  normal  velocity  is  now  determined.  Following  tnis  step  the  arrays 
are  updated,  i.e.,  move  "new"  profiles  into  "old"  locations,  the 
transition  condition  determined  and  the  results  printed  out. 

Upon  completion  of  the  printing  of  the  results,  a check  for 
flow  separation  is  carried  out  and  the  boundary  conditions  updated . 

The  numerical  solution  to  the  governing  equations  now  begins  in  earnest. 
The  coefficients  for  the  momentum  and  turbulent  shear  stress  equation 
are  now  computed.  The  coefficients  of  the  difference  equations  are 
determined  and  the  matrices  inverted  and  the  "new"  values  of  and 

Td  specified.  Control  is  then  transferred  to  the  beginning  of  the 

program  acid  the  above  processes  repeated  until  all  x-stations  are 
completed . 

L.  Results  to  Date 


The  program  is  currently  in  the  check-out  and  development  phase. 
Laminar  boundary  layer  calculations  have  now  been  completed  for  both 
zero  and  non-zero  pressure  gradients.  Comparisons  between  numerical 
and  theoretical  results  indicate  a maximum  deviation  of  about  0.1  - 
0.2%  in  the  skin  friction,  displacement  and  momentum  thickness  values. 
Note  that  this  uncertainty  in  the  displacement  thickness  amounts  to  an 
uncertainty  in  the  discharge  coefficient  of  about  0.001%  - a negligible 
value. 
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The  calculation  of  all  transition  parameters  has  also  been  veri 
fied  with  results  to  date  duplicating  experimental  measurements. 

Both  the  laminar  and  turbulent  "starting"  routines  are  operational 
with  results  reproducing  measured  values. 


SECTION  V 


EXPERIMENTAL  EVALUATION  OF 
COMPRESSOR  TRANSIENT  PERFORMANCE 

A.  Introduction 


As  the  performance  of  gas  turbine  engines  has  increased,  the 
reliability  of  engine  designs  has  become  much  more  important.  High 
performance  aircraft  undergoing  violent  maneuvers  generate  conditions 
which  are  difficult  to  envision  in  the  engine  design  phase  and  even 
more  difficult  to  analyze  if  predicted  during  development.  As  a result, 
advanced  aircraft  turbine  engines  are  encountering  operational  compressor 
stalls.  The  bulk  of  the  engine  compressor  stalls  occur  during  throttle 
excursions,  i.e.,  engine  speed  transients. 

In  addition,  the  operational  mode  and  attitude  of  the  aircraft 
can  also  influence  compressor  operation  since  flight  at  high  angles 
of  attack  can  result  in  severe  inlet  distortion  and  an  accompanying 
compressor  stall.  There  is  obviously  a complex  interaction  between 
engine  operating  condition,  i.e.,  accelerating  or  decelerating,  and 
aircraft  attitude.  It  is  virtually  impossible  to  simulate  all  possible 
interactions  between  the  engine  inlet  and  the  engine  operating  mode.  As 
a result,  new  engines  are  designed  to  accept  substantial  inlet  distortions 
with  minimum  degradations  in  compressor  performance.  This  approach  is 
likely  to  continue  since  it  represents  the  division  between  the  airframe 
and  turbine  engine  manufacturer.  This  concept  will  be  used  in  the  dis- 
cussions to  follow  with  emphasis  placed  on  compressor  transient  operation 
rather  than  on  inlet  distortion. 

Turbine  engines  are  nominally  designed  for  steady-state  operation 
with  transient  performance  determined  during  the  latter  stages  of  the 
design  program.  Despite  this  apparent  lack  of  emphasis  on  acceleration 
capabilities,  the  turbine  engine  has  inherently  good  speed  change  char- 
acteristics as  a result  of  low  inertia  and  high  power  capabilities. 

These  inherent  characteristics  frequently  come  into  play  during  the 
operational  life  of  an  engine.  If,  as  a result  of  transiently  induced 
compressor  stalls,  the  engine  operational  envelope  is  restricted,  the 
value  of  the  weapons  system  can  be  severely  curtailed. 


A number  of  mechanisms  can  be  postulated  for  transiently  induced 
compressor  stalls.  These  can  be  grouped  into  three  categories: 

1)  Inadequate  control  system  capabilities 

2)  Time -dependent  aerodynamic  effects 

3)  Time-dependent  thermal  effects 

Stalls  encountered  in  variable  geometry  compressors  are  fre- 
quently blamed  on  control  system  malfunctions.  These  may  consist  of 
limited  frequency  response  in  sensors,  usually  thermocouples  measuring 
compressor  inlet  temperatures,  limited  frequency  response  in  variable 
vane  actuation  systems  and/or  excessive  mechanical  variation  in  vane 
actuators.  The  most  common  technique  to  eliminate  operational  compressor 
stalls  is  to  reschedule  the  variable  geometry  stages.  This  may  be 
accompanied  by  either  a limitation  in  throttle  excursion  rate  or  com- 
pressor operating  range.  This  is  obviously  a short-term  solution  re- 
sulting in  satisfactory  but  compromised  performance. 

Time-dependent  aerodynamic  effects  such  as  flutter,  rotating 
stall,  stationary  distorted  pressure  profiles,  secondary  flow  effects, 
and  airfoil  wake  interactions  have  long  been  recognized  as  a second, 
i.e.,  lower  order  influence  on  compressor  performance.  In  general, 
however,  effects  of  this  nature  are  not  thought  to  be  important  in 
operational  stalls  — aside  from  compressor  inlet  distortion  as  noted 
above.  Note  that  the  compressor  operational  envelope  normally  excludes 
the  rotating  stall  and  flutter  regions  and,  thus,  these  effects  should 
not  influence  transient  performance  unless  the  flutter  and  rotating 
stall  boundaries  change  with  acceleration  rate. 

The  interaction  between  compressor  aerodynamic  performance  and 
acceleration  or  deceleration  rate  is  also  a potential  source  of  com- 
pressor stall.  Historically,  this  mechanism  has  been  neglected  since 
the  time  scales  and  frequencies  of  the  two  phenomena  differ  markedly 
in  most  cases.  The  transit  time  of  a fluid  particle  through  a compressor 
is  of  the  order  of  4 - 6 u sec  while  acceleration  times  are  of  the 
order  of  2 - 4 sec.  Maximum  acceleration  rates  may  approach  40%  of  the 
design  speed  and,  thus,  for  the  transit  times  quoted  above,  the  compressor 
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speed  would  change  by  approximately  0.2%  of  the  design  speed.  This 
is  negligible  from  a steady-state  point  of  view  and  aerodynamic  inter- 
actions have  been  accordingly  dismissed. 


The  final  potential  cause  of  transiently  induced  compressor 
performance  changes  can  be  traced  to  thermal  effects.  Speed  changes 
result  in  changes  in  compressor  pressure  ratio  and,  thus,  gas  temperature. 
This  in  turn  creates  thermal  growth  or  shrinkage  in  both  the  compressor 
case  and  rotor  assembly.  If  a differential  rate  of  thermal  expansion 
exists  between  the  case  and  rotor  assembly,  as  is  undoubtedly  the  situa- 
tion, then  the  compressor  airfoil  tip  clearances  will  change  with  the 
rate  of  speed  change  resulting  in  alterations  in  compressor  performance. 
This  impact  of  tip  clearance  changes  on  compressor  performance  will  be 
a function  of  the  specific  compressor  design. 

The  number  and  severity  of  operational  compressor  problems  mandates 
an  investigation  of  transient  effects,  and  thus,  an  experimental  evalua- 
tion of  compressor  transient  performance  is  being  carried  out  using  an 
existing  J-85  engine  and  test  stand  located  at  the  AF  Aero  Propulsion 
laboratory.  The  program  is  made  up  of  the  following  tasks: 

1)  Utilization  of  a digital  simulation  program  for  the 
J-85  compressor. 

2)  Modifications  to  the  compressor  and/or  test  facility 
to  accommodate  the  transient  testing. 

3)  Design,  fabrication  and  installation  of  the  appro- 
priate instrumentation. 

4)  Preliminary  and  final  design  of  the  experiment. 

5)  Development  of  a real  time  data  processing  system 
and  the  related  computer  programs. 

6)  Transient  testing  of  the  J-85  engine/compressor. 

7 ) Data  analysis . 

These  will  be  discussed  in  the  following  sections. 
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B. 


A Digital  Simulation  of  the  J-85  compressor 


1.  The  Equations  of  Motion 

The  governing  equations  for  flow  through  a turbine  engine 
can  be  derived  by  considering  the  flow  element  shown  in 
Figure  103 31 . The  momentum  and  energy  transport  is  for  the 
x component  only;  however,  the  sketch  can  be  generalized  to  the 
y and  z directions  if  desired. 

The  continuity  relation  can  be  derived  by  equating 


Rate  of  Mass 
Accumulation 

which  yields 


Rate  of  / j Rate  of 

Mass  Inf  )Mass  Out 


+ t . ph£  = 0 (139) 

OT 

where  h = h(x)  and  denotes  the  variable  stream-tube  thickness. 

Even  though  equation  (139)  was  generated  in  Cartesian  coordi- 
nates it  can  be  generalized  to  any  coordinate  system  using  the 
appropriate  definition  of  the  vector  operators. 


The  momentum  equation  can  be  obtained  in  a similar  manner 
by  considering 


Rate  of  Momentum 
Accumulation 


Rate  of 
Momentum  In 


Rate  of 
Momentum  Out 


Sum  of  the  Forces 
Acting  on  the  System 


This  yields 
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for  the  x-direction.  In  vector  form 
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where  Fr  denotes  all  forces  acting  on  the  control  volume  including 
the  viscous  and/or  turbulent  shear  stresses. 

Conservation  of  energy  dictates  that 


Rate  of  Accumulation  of 
Internal  and  Kinetic  Energy 


Rate  of  Internal  and  Kinetic 
Energy  In  by  Convection 


Rate  of  Internal  and  Kinetic  . + j Net  Rate  of 

Energy  Out  by  Convection  ( Heat  Addition 

j Net  Rate  of  Work  Done  By  ) 
j System  on  Surroundings  j 


which  yields 


DEn  = _ i V hQ  + p (U  • Fr ) - r-  V • Phu 


where  En  denotes  the  total  internal  and  kinetic  energy,  i.e., 

PU  + j pU2,  U is  the  internal  energy  per  unit  mass  and  U is  the 
magnitude  of  the  local  fluid  velocity. 


Equation  (142)  can  be  written  in  terms  of  the  enthalpy 


Ha  as 


^ • phH  „U  = hp'u  • Fr  - V • hQ 

tx. 


and  as 


„ Dt  Dp 
"p  DT  ” DT 


- i v • hQ  - 


(144) 


for  an  ideal  gas,  where  the  divergence  V • hQ  has  been  replaced 
by  the  scalar  function  f. 

The  system  of  equations  can  be  simplified  considerably 
by  averaging  in  the  radial  and  circumferential  directions.  This 
process  eliminates  derivatives  in  all  but  the  axial  direction 
by  virtue  of  boundary  values  or  symme'  ~v.  This  reduces  the 
system  of  equations  to 
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(145) 
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hpu  Fr  - f 
xx 


(146) 

(147) 


where  the  variables  have  been  written  in  conservative  form 

Equations  (145)  , (146)  and  (147)  have  been  written  with 

the  overall  objective  of  modeling  turbine  engine  components. 

In  this  situation,  hpu  Fr  and  f denote  the  work  and  heat  addi- 

xx 

tion  or  removal  occuring  in  the  compression,  combustion  and  ex- 
pansion processes.  From  a fluid  mechanics  point  of  view,  these 
terms  represent  an  articifical  viscous  and  thermal  damping  factor 
and  equations  (145)  through  (147)  could  be  used  for  duct  flows, 
etc. 


The  governing  differential  equations  can  be  reformulated 
in  terms  of  the  mass  flow  rate,  m,  as 


M I 9m 
9t  + A 9x 
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* 1 2 ^1  2 
where  m - 27TrahpUx,  E = U + (m/PA)  , Htjj,  * H + J (®/PA)  r 

A A A A 

U * U(t) , H - H(t) , and  p * pRt.  The  major  variables  are  thus 
p,  m and  t.  Note  that  p,  En  and  can  be  defined  in  terms  of 


these  variables  by  means  of  an  equation  of  state  and  the  relations 
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The  system  of  equations  earn  be  summarized  as  follows. 


i 


-» 


I 


p = pRt 


These  equations  are  then  subjected  to  a series  of  initial  condi' 
tions  of  T ■ 0 and  x “ 0,  i.e., 

P - P (x) 

m « m(x) 

t - 1 


T =0  for  all  x 


24 


3. 


Application  of  Governing  Equations  to  a Turbomachine 


The  application  of  equations  (153)  to  (157)  to  a turbomachine 
consists  of  defining  the  force  and  heat  terms,  F and  f,  by  means 
of  known  steady  state  performance  data.  This  by  necessity  limits 
the  Ax  step  size,  i.e.,  compressor  stages  are  at  a specified 
length  — thus  F and  f can  only  be  determined  at  specified  lo- 
cations. As  a result,  the  differential  equations  must  be  written 

95 

in  terms  of  upwind  differencing  and 
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(163) 


where  the  subscript  x has  been  dropped  on  Fr  for  clarity  and  the 
subscript  i denotes  the  spatial  position  while  the  superscript 
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n denotes  time.  Upwind  differencing  demands  that  riu > 0 for 

the  above  formulation.  If  m.  <0,  then  i is  replaced  by  i+1 

and  i-1  by  i in  the  convective  terms.  It  should  be  noted  that 
this  is  unlikely  to  happen  in  the  present  case. 

The  finite-difference  equations  shown  above  are  explicit 
in  nature,  i.e.,  all  the  values  on  the  right-hand  sides  of 
equations  (161) , (162)  and  (163)  needed  to  calculate  the  ad- 
vanced n+1  time  level  are  known.  The  stability  of  non-linear 

systems  of  equations  is  difficult  to  define;  however,  results 
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from  linear  systems  can  be  applied  and 


Cr  = [m/PA  + a] At]  _<  1 

Ax 


where  Cr  is  the  Courant  number  and  a is  the  sonic  velocity. 
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Kurzrock  has  shown  that  stability  is  also  limited  by 

| m/pA | /Ax 


(164) 


At 


[|m/pA(/Ax  + a/Ax]‘ 


(165) 


The  latter  equation  is  more  restrictive  and  thus  At  should  be 
chosen  such  that  equation  (165)  is  satisfied  for  the  smallest 
Ax  and  largest  m/pA  value. 

The  system  of  equations  is  specifically  related  to  turbo- 
machines by  definition  of  Fr^  and  f^.  For  a compressor,  these 

parameters  can  be  defined  from  the  ttmperature  and  pressure 
coefficients,  i.e., 


'I'' 


2VCP 

1 (v 2 

R i 


i-1 


* 


T 2VCp 

1 (V2 

R i 


T - T 
i i-1 


(167) 


M ! 

| (166) 

1 
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P T 

where  both  4^  and  are  unique  functions  of  the  flow  coefficient 


4>  where 


(V 


1 cVi 


(168) 


Note  that  P and  T denote  the  total  pressure  and  temperature  and 
can  be  related  to  p and  t by  means  of 


Y/(Y-1) 


(169) 


(170) 


where  M ■ U /a  and  U = 2irr  N/60  and  denotes  the  rotor  tip  speed. 
XX  R T 

Temperature  and  pressure  coefficients  for  the  J-85  compressor  are 
given  in  references  97  and  98.  The  J-85  compressor  utilizes 
stability  bleeds  and  this  can  be  accounted  for  by  setting 


m = m - (n^  ) (171) 

n 

where  (m^)  denotes  the  n-th  stage  bleed  flow  where  it  is  assumed 
n 

that  this  process  does  not  affect  the  momentum  balance. 

The  combustor  is  analyzed  in  an  analogous  manner  with  F 
and  f determined  from  experimental  pressure  loss,  heat  addition  and 
efficiency  data.  J-85  combustor  data  is  given  in  reference  98. 

The  J-85  turbine  has  been  modelled  in  reference  98  by  means 
of  an  enthalpy  and  efficiency  parameter,  i.e.. 


/S  A 


H - H , 
n n-1 


n-1 


N 


(172) 
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(173) 


m 


n-1 


fr 


n-l 


n-1 


n-1 


The  turbine  cooling  flow  processes  can  be  modelled  by  adding  the 
cooling  flow  to  the  appropriate  control  volume  and  mixing  the 
resulting  streams  to  obtain  an  appropriate  temperature. 

The  engine  is  terminated  with  an  exhaust  nozzle.  This  con- 
sists of  a variable  area  passage  with  pressure  loss  given  by  a 
flow  coefficient.  There  is  no  external  heat  addition  and,  thus, 
f is  identically  0. 

In  the  process  of  modeling  the  rotating  components,  an 
additional  variable  has  been  added  — the  rotor  speed  N.  The 
rotor  dynamics  are  governed  by  the  conservation  of  angular  momentum 
and  thus 


(174) 


where  EmAH  denotes  the  net  sum  of  enthalpy  differences  occuring 
across  the  turbine  and  compressor. 


4.  Structure  ot  the  J-85  Digital  Simulation  Computer  Program 

A computer  program  embodying  the  concepts  of  the  previous 
section  and  following  the  structure  of  reference  98  was  used  for 
both  steady-state  and  transient  J-85  engine  computations.  This 
program  is  constructed  in  two  major  elements.  The  first  consists 
of  a steady-state  computation  which  attempts  to  determine  operating 
line  and/or  match  points  between  the  compressor  and  turbine.  This 
is  an  iterative  process  and  involves  three  nested  iterative  loops. 
The  iteratively  determined  variables  are: 

1)  Combustor  total  enthalpy 

2)  Combustor  inlet  pressure 

3)  The  engine  mass  flow  rate 


I 


I 


The  iterative  procedure  initially  employed  consisted  of  halving- 
internal  search  technique  and  required  approximately  2100  com- 
putations on  the  innermost  variable,  150  computations  on  the 
second  and  15  computations  on  the  outermost  variable  at  the 
design  point  condition. 

The  iterative  procedure  initially  utilized  in  the  program, 
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was  replaced  with  a multi-variable  Newton-Raphson  iterative 
method.  This  technique  uses  Taylor  expansions  for  the  variables 
of  interest,  i.e., 

f(i)  (a,e,y)  = f(1)  (vvV  + (ot  - V fx(i)  <VVV  + 

16  - Vfy(il  <WV  * <*  - Vfz(i>  <VVV  ,175> 

i * 1,  2,  3 


where  x^,  y^  and  z^  denote  the  three  iterative  variables — combustor 

total  temperature,  combustor  inlet  pressure,  and  the  engine  mass 
flow  rate.  The  functions  f^  (x,  y,  z)  denote  differences  in 
computed  nozzle  mass  flow  rates,  turbine  mass  flow  rates  and  com- 
bustor enthalpy , i.e.. 


mnz , x mnz , 1 

(m  x + m x)/2 
nz , A nz , x 


A A 


The  goal  of  the  iterative  process  is  to  balance  the  mass 

flow  rates  and  enthalpies  thus  making  f^  ■=  f^  *=  f^  = 0. 
If  the  values  of  x,  y and  z for  which  this  occurs  are  denoted 
by  a,  0 and  Y»  then 
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f{11(a,B,Y)  = f(21(a,B,Y)  = f (3)  ta,B,Y)  - 0 


(176) 


„ . . . - (i)  9f(i)  f CD  _ 3fai  , f (i)_  3fU1 

Noting  that  fx  ■=  » fy  = ^ and  fz  - — 


3z 


then  equation  (175)  can  be  used  to  construct  an  iterative  scheme 
with  the  goal  of  finding  a,  8,  and  Y for  which  equation  (176) 
is  valid. 

Equation  (175)  can  be  rewritten  as 

-f<i>(WV  +4*fyli,<VW  + 


Azfz(i) (xk,yk,zk)  i = 1,  2,  3 


or  in  matrix  form  as 

- [F]  = [A]  [Ax]  . (177) 

[A]  now  denotes  the  partial  derivative  matrix  with  [F]  denoting 
the  function  matrix  and  [Ax]  the  step  matrix.  These  take  the  form 


f(U 

X 

f(l) 

y 

fu> 

Z 

a“*k 

f(l) 

f(2) 

f(2) 

f(2) 

[Ax]  = 

B-yv 

[F]  = 

f(2) 
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k 

f(3) 

f O) 

f(3) 

Y-Z. 

f(3) 

X 

y 

z 

k 

Equation  (177)  can  be  solved  for  the  matrix  [Ax]  by  multiplying 
both  sides  of  the  relationship  by  the  inverse  of  [A] , [A]  \ and 

[Ax]  - “ [A]-1 [F]  (179) 

This  equation  can  be  used  to  find  successive  values  of  x^^, 

w 
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(180) 


Vi  ■ yk  * % 


with  each  value  at  successively  smaller  values  of  f 

The  procedure  is  implemented  in  the  following  manner. 

1)  Evaluate  the  coefficient  matrix  [A] . Since  the 

functions  f (1) , f(2)  and  f(3) 4  are  not  analytically 
defined,  the  partial  derivatives  must  be  deter- 
mined numerically,  i.e.. 


(1)  / d fl 

fx  (WV  -fe 


gU><vW  - fll)(Vi.yk’V 
Vi 

All  nine  terms  must  be  defined  and  this  requires 
12  functional  evaluations. 


2)  Invert  the  coefficient  matrix  [A]  and  solve 
equation  (179)  for  the  new  [Ax]  values.  Note 
that  the  matrix  [F]  was  evaluated  in  the  course 
of  defining  [A] . 

3)  update  the  values  \+1>  Yk+1*  zk+1 
equation  (180)  . 

4)  Repeat  this  process,  i.e.,  return  to  item  (i) 
until  f(1),  f (2>and  f(3)  are  less  than  a prescribed 

value . 


r 


1 


i 
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This  approach  has  been  utilized  in  the  previously  described 
engine  simulator  with  impressive  results.  As  noted,  the  original 
iterative  technique  required  2265  functional  evaluations  to  obtain 
a "converged"  operating  point.  The  Newton-Raphson  method — as 
discussed  above — required  only  three  iterative  passes  or  36 
functional  evaluations.  This  is  a two-orders-of-magnitude  re- 
duction in  computing  time  and  lends  speed  and  versatility  to  the 
program. 

The  convergence  process  itself  is  second-order  and  this  also 
speeds  the  computation.  The  iterative  "track"  is  shown  in 
Table  26.  f ^ , f ^ and  f ^ are  the  previously  defined 
variables,  i.e.,  nozzle  and  turbine  mass  flow  rate  and  combustor 
enthalpy,  with  x,  y and  z denoting  the  compressor  mass  flow  rate, 
the  turbine  pressure,  the  combustor  exit  temperature  pressure.  As 
was  previously  noted,  the  convergence  is  second-order  and  proceeds 
rapidly . 

The  computer  program  using  the  previously  discussed  iterative 
procedure  and  mathematical  framework  of  Section  V.B.l  is  listed 
in  references  100  and  101.  The  listings  are  supplemented  with 
a users  manual  in  reference  100. 


5.  Compressor  Mapping  Using  a J-85  Turbine  Engine 


The  computer  program  discussed  in  the  previous  section  can 
be  employed  to  predict  the  limits  of  compressor  performance  under 
differing  engine  geometric  and  environmental  conditions.  In 
particular , the  following  variables  can  be  employed  to  create  a 
series  of  steady-state  compressor  operating  lines: 


1)  Exhaust  nozzle  area.  The  J-85  uses  a variable  nozzle 
area,  i.e.,  Ag  - Ag(N  /Rt^ef ) . The  design  relationship 

is  shown  in  Figure  104.  This  can  be  altered  and  will 
influence  the  location  of  the  compressor  operating  line 
to  some  extent.  The  design  or  minimum  nozzle  area 
is  88.00  in2  with  the  maximum  nozzle  area  being  201.00. 102 
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TABLE  26 

RESULTS  OF  NEWTON- RAPHSON  ITERATION 


Iteration 

Number 

f 111 xlO2 

f(2W 

f(3)xl02 

X 

JL 

z_ 

1 

1.467 

2.171 

0.366 

43.500 

35.000 

2100.0 

2 

-0.506 

-0.724 

0.047 

43.516 

34.501 

2123.7 

3 

-0.015 

0.047 

-0.004 

43.509 

34.781 

2136.4 

J-85  Exhaust  Nozzle 
Design  Area  Variation 


2)  First  stage  turbine  nozzle  area.  Three  first  stage 
turbine  nozzle  assemblies  are  currently  available 

2 

for  the  J-85  engine.  These  have  areas  of  32.000  in  , 

2 2 (102) 

35.880  in  and  43.747  in  with  the  latter  being 

the  design  and/or  production  unit.  The  reduced 
turbine  nozzle  area  will  result  in  a higher  compressor 
operating  line,  i.e.,  higher  pressure  ratio  at  a 
reduced  mass  flow  rate,  and  thus  will  force  compressor 
operation  in  the  vicinity  of  stall  and/or  surge. 

3)  Compressor  in — or  out — bleeding.  The  customer  bleed 
ports  can  be  used  to  alter  the  compressor  discharge 
pressure  from  its  nominal  design  level.  This,  of 
course,  either  raises  or  lowers  the  operating  line. 

In  the  present  situation,  these  ports  are  being  used 
for  instrumentation  and  as  a consequence,  it  is  impos- 
sible to  gain  access  to  this  region  without  major 
modifications  to  the  compressor  case  assembly.  As 

a result  this  technique  will  not  be  used. 

4)  Engine  inlet  and  exhaust  pressures.  The  Air  Force 

Aero  Propulsion  Laboratory  engine  test  stand  is 

capable  of  operation  at  both  standard  and  subatmos- 

pheric  pressures.  As  a result,  the  engine  inlet 

and  exhaust  pressures  can  differ  from  ambient 

values.  Furthermore,  the  inlet  and  exhaust  pressures 

themselves  may  also  differ,  i.e.,  the  engine  discharge 

pressure  may  be  near  atmospheric  while  the  inlet 

pressure  can  be  maintained  at  values  of  from  7 to 
2 

8 lbf/in  . Variations  such  as  this  will  again  alter 
the  location  of  the  compressor  operating  line. 

The  above  engine  and  environmental  perturbations  were 
investigated  using  the  digital  simulation. 

The  investigation  was  initiated  by  determining  the  nominal 
compressor  operating  line  for  corrected  speeds  of  from  85  to  100%. 
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These  calculations  used  the  nozzle  area  variation  of  Figure  104 

2 

with  a design  point  area  of  88.00  in  . The  resulting  pressure 
ratios  and  corrected  mass  flow  rates  are  plotted  in  Figure  105. 

Other  pertinent  engine  variables  are  given  in  Table  27. 

In  addition  to  the  design  point  conditions,  a series  of  off- 
design  points  were  investigated.  These  were  generated  using  the 
turbine  nozzles  previously  discussed  and  the  variability  of  the 
exhaust  nozzle.  The  upper  portion  of  the  compressor  operating 
regime  can  be  well  covered  using  these  variable  geometry  capa- 
bilities. A number  of  the  conditions  resulted  in  compressor 
surge  or  stall.  This  can  be  detected  in  the  simulation  by  a 
rapid  deterioration  in  the  performance  of  one  or  more  compressor 
stages.  Using  the  surged  conditions  in  conjunction  with  the 
shape  of  the  constant  speed  lines,  an  estimated  surge  line  was 
constructed . 

The  remaining  portion  of  the  operating  map  was  generated  in 
a similar  manner.  These  results  are  plotted  in  Figure  106.  The 
various  component  operating  conditions  are  given  in  Table  28. 

Following  the  computations  of  Tables  27  and  28  which  employed 
variable  turbine  and  exhaust  nozzle  areas,  a series  of  calculations 
were  carried  out  for  variable,  i.e.,  subatmospheric,  inlet  pressures. 
The  previously  discussed  computer  program  was  altered  to  reflect 
variable  inlet  and  exhaust  pressures.  Equations  were  also  devel- 
oped to  estimate  the  initial  values  of  the  iterative  variables  - 
thus  speeding  convergence.  The  updated  listing  of  this  program 
is  presented  in  reference  101. 

The  results  of  these  computations  are  shown  in  Table  29 
and  Figure  107.  There  is  obviously  little  or  no  effect  on 
compressor  operation  as  a result  of  the  different  methods  of 
generating  parameter  variability. 

The  test  conditions  themselves  will  be  generated  by  installing 
a given  turbine  nozzle  in  the  J-85  engine  and  then  varying  the 
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Figure  105.  J-85  Compressor  Performance  as  Determined 

with  the  Digital  Simulation 


TABLE  27 


Engine  Parameters 

Component 

Exit  Conditions 

(N^IJt  7 ) 

ref 

*•^7 

^ref 

A8 

S 

T 

C 

P T. 

c . br 

P*r  2 

Ttr  Ptr  2 

C4***  <-^>a 

lbm/sec 

in2 

in2 

•R 

lb^in  •* 

lbj/in 

•R  lb^/in  Comments 

1 

1.000 

43.51 

88.00 

43.74 

977 

99.  B7 

2121 

92.38 

1703 

34.72 

2 

0.275 

42.43 

120.00 

43.74 

943 

89.94 

1807 

82.40 

1408 

28.01 

3 

0.950 

40.88 

120.00 

43.74 

918 

83.32 

1693 

76.09 

1312 

25.54 

4 

0.925 

39.35 

120.00 

43.74 

89S 

77.02 

1695 

70.48 

1325 

24.65 

5 

0.900 

37.71 

120.00 

43.74 

874 

71.71 

1670 

65.72 

1316 

23.87 

6 

0.875 

36.11 

126.10 

43.74 

850 

65.82 

1588 

60.20 

1251 

22.03 

7 

0.850 

34.65 

134.40 

43.74 

829 

60.88 

1532 

55.64 

1211 

20.74 

8 

0.975 

36.87 

88.00 

43.74 

1026 

105.70 

3316 

101.30 

2881 

48.85 

Surge 

9 

0.950 

36.20 

88.00 

43.74 

997 

98.55 

3080 

94.25 

2661 

44.73 

Surge 

10 

0.925 

34. 37 

88.00 

43.74 

973 

90.93 

3152 

87.25 

2741 

42.70 

Surge 

n 

0.900 

32.16 

88.00 

43.74 

953 

83.60 

3220 

80.45 

2819 

40.42 

Surge 

12 

0.875 

29.91 

88.00 

4 3.74 

933 

76.71 

3270 

74.00 

2880 

38.38 

Surge 

13 

0.850 

27.21 

88.00 

43.74 

915 

69.63 

3398 

67.43 

3017 

36.49 

Surge 

14 

1.000 

43.55 

110.00 

43.74 

948 

89.49 

1652 

80.85 

1245 

23.95 

IS 

0.975 

42.35 

110.00 

43.74 

957 

94.86 

2041 

87.84 

1637 

33.05 

16 

0.950 

40.71 

110.00 

43.74 

930 

87.26 

1895 

80.51 

1508 

29.74 

17 

0.925 

39.19 

110.00 

43.74 

907 

80.68 

1892 

74.59 

1517 

28.53 

18 

0.900 

37.55 

110.00 

43.74 

885 

75.00 

1874 

69.42 

1512 

27.37 

19 

0.875 

35.85 

110.00 

43.74 

866 

70.09 

1874 

65.02 

1525 

26.53 

20 

0.850 

34.21 

110.00 

43.74 

851 

66.68 

1930 

62.19 

1593 

26.66 

21 

1.0  00 

43.56 

145.00 

43.74 

945 

88.31 

1598 

79.53 

1193 

19.69 

22 

0.975 

42.48 

145.00 

43.74 

927 

84.69 

1528 

76.51 

1146 

22.07 

23 

0.950 

41.00 

145.00 

43.74 

905 

79.20 

1471 

71.42 

1102 

20.90 

24 

0.925 

39.47 

145.00 

43.74 

881 

72.95 

1465 

6S.89 

1106 

20.32 

25 

0.900 

37.83 

145.00 

43.74 

860 

67.92 

1459 

61.46 

1113 

19.91 

26 

0.875 

36.20 

145.00 

43.74 

841 

63.50 

1453 

57.59 

1122 

19.60 

27 

0.850 

34.70 

145.00 

43.74 

824 

59.74 

1460 

54.35 

1142 

19.57 

28 

1.0 00 

43.56 

201.00 

43.74 

94  3 

87.65 

1566 

78.78 

1162 

17.20 

29 

0.975 

42.48 

201.00 

43.74 

924 

83.75 

1S16 

75.48 

1127 

18.32 

30 

0.950 

41.02 

201.00 

43.74 

902 

78.42 

1449 

20.56 

1077 

17.77 

31 

0.925 

39.50 

201.00 

43.74 

876 

71.54 

1394 

64.30 

1037 

17.40 

32 

0.900 

37.87 

201. 0C 

43.74 

8S3 

65.67 

1332 

58.91 

992 

17.10 

33 

0.875 

36.26 

201.00 

43.74 

832 

60.97 

1306 

54.72 

980 

16.91 

34 

0.850 

34.79 

201.00 

43.74 

815 

57.22 

1306 

51.51 

995 

16.88 

35 

1.000 

43.21 

88.00 

35.88 

1009 

112.50 

1917 

105.40 

1462 

31.76 

36 

0.975 

41.68 

120.00 

35.88 

986 

104.90 

1796 

98.29 

1358 

27.05 

37 

0.950 

39.89 

120.00 

35.88 

961 

97.03 

1704 

90.78 

1285 

24.78 

38 

0.925 

38.56 

120.00 

35.88 

933 

88.62 

1636 

82.85 

1234 

23.59 

39 

0.900 

37.04 

120.00 

35.88 

907 

81.33 

1573 

75.94 

1186 

22.56 

40 

0.875 

35.45 

126.10 

35.88 

882 

74.55 

1499 

69.51 

1130 

20.99 

41 

0.850 

33.96 

134.40 

35.88 

860 

68.85 

1452 

64.17 

1099 

19.88 

42 

1.000 

17.82 

88.00 

32.00 

10S7 

113.30 

2079 

107.80 

1588 

29.02 

Surge 

43 

0.975 

36.29 

120.00 

32.00 

1029 

105.10 

1951 

99.98 

1480 

24.84 

Surge 

44 

0.950 

34.81 

120.00 

32.00 

1002 

97.43 

1859 

92.56 

1406 

23.05 

Surge 

45 

0.925 

34.44 

120.00 

32.00 

973 

90.97 

1801 

86.40 

1363 

22.41 

Surge 

46 

0.900 

33.53 

120.00 

32.00 

947 

84.54 

1730 

80.22 

1308 

21.70 

Surge 

47 

0.875 

32.56 

126.10 

32.00 

921 

78.55 

1650 

74.45 

1246 

20.46 

Surge 

48 

0.850 

32.60 

134.40 

32.00 

883 

74.1 0 

1506 

70.03 

1132 

19.57 

49 

1.000 

43.36 

145.00 

35.88 

1001 

109.10 

1778 

101.80 

1326 

20.23 

50 

0.975 

41.81 

145.00 

35.88 

982 

103.80 

1742 

97.05 

1306 

22.72 

SI 

0.950 

50.01 

145.00 

35.88 

958 

96.16 

1661 

89.81 

1243 

21.32 

S2 

0.925 

38.65 

145.00 

35.88 

930 

67.91 

1603 

82.05 

1201 

20.54 

S3 

0.900 

37.11 

145.00 

3S.88 

90S 

80.72 

153S 

75.24 

1150 

19.87 

54 

0.875 

35.51 

145.00 

3S.88 

880 

74.06 

1465 

68.95 

1098 

19.31 

55 

0.850 

34.05 

145.00 

35.88 

857 

68.12 

1404 

63.34 

1053 

18.97 

S6 

1.000 

43.  36 

201 . 00 

3S.88 

1001 

109.20 

1778 

101.80 

1327 

17.55 

57 

0 .975 

41.91 

201.00 

3S.88 

980 

103.00 

1701 

96.12 

1266 

18.69 

58 

0.950 

40.11 

201.00 

35 . 88 

956 

95.38 

1622 

88.92 

1205 

18.00 

S9 

0.92$ 

38.73 

201.00 

35.88 

928 

87.13 

1562 

81.17 

1161 

17.61 

60 

0.900 

37.19 

201.00 

35.88 

902 

80.03 

1499 

74.47 

1114 

17.29 

61 

0 .875 

35.57 

201.00 

35.88 

878 

73.48 

14  34 

68.29 

1067 

17.01 

62 

0.850 

34.11 

201.00 

35.88 

855 

67.64 

2 372 

62.  79 

3023 

16.84 

63 

1.000 

38.88 

145.00 

32.00 

1052 

114.10 

1988 

108.20 

1497 

19.74 

Surge 

64 

0.975 

36.83 

145.00 

32.00 

1027 

105.60 

1909 

100.30 

14  38 

21.54 

Surge 

65 

0.950 

35.28 

145.00 

32.00 

1000 

97.88 

1825 

92.89 

1372 

20.  36 

Surge 

66 

0.925 

34.80 

145.00 

32.00 

972 

91.18 

1768 

86.51 

1330 

19.90 

Surge 

67 

0.900 

33.81 

145.00 

32.00 

945 

84.66 

1702 

80.26 

1281 

19.42 

Surge 

68 

0.875 

33.95 

145.00 

32.00 

905 

80.09 

1558 

75.72 

1168 

19.14 

69 

0.850 

32.67 

145.00 

32.00 

882 

74.04 

1497 

69.95 

1123 

18.85 

70 

1.000 

38.88 

201.00 

32.00 

1052 

114.10 

1988 

108.20 

1497 

17.29 

Surge 

71 

0.975 

37.05 

201.00 

32.00 

1026 

105.80 

1889 

100.40 

1419 

18.20 

Surge 

72 

0.950 

35.58 

201.00 

32.00 

999 

98.13 

1795 

93.05 

1344 

17.60 

Surge 

73 

0.925 

35.17 

201.00 

32.00 

970 

91. 35 

1734 

86.58 

1296 

17.36 

Surge 

74 

0.900 

34.15 

201.00 

32.00 

944 

84.78 

1670 

80.29 

1249 

17.12 

Surge 

75 

0.875 

34.15 

201.00 

32.00 

904 

79.94 

1529 

75.49 

1139 

16.96 

76 

0.850 

32.83 

201.00 

32.00 

881 

73.81 

1469 

69.65 

1096 

16.81 

‘Case*  1 through  7 denote  the  nominal  operating  conditions 
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TABLE  28 


J-85  COMPONENT  OPERATING  CONDITIONS 


Enqin*  P*ram*t*r* 


Co*pon«m  Exit  Conditions 

*b,  Ttr 

ib^in2  •* 


*C«*e«  1 t h ro<tqh  6 d*not*  nominal  op«r*tlnq  condition*. 
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afterburner  area  to  determine  the  desired  compressor  operating 
point.  The  engine  operating  regime  with  a given  turbine  nozzle 
is  controlled  by  both  the  exit  turbine  temperature  and  compressor 
surge.  The  engine  operating  limits  and  the  compressor  charac- 
teristics have  been  determined  for  the  test  program  using  the 
computer  program  of  reference  101. 

The  results  are  shown  in  Figure  108  through  120.  The  figures 
are  arranged  in  groups  of  two's  with  the  first  depicting  compressor 
ratio  and  exit  turbine  temperature  as  a function  of  corrected  mass 
flow  rate.  The  turbine  nozzle  area  limits  are  also  shown  on  this 
plot.  The  second  figure  illustrates  the  relationship  between 
turbine  nozzle  area  and  corrected  mass  flow  rate  as  a function  of 
afterburner  area.  The  figures  encompass  compressor  speeds  of  from 
70  to  100%. 

6.  Compressor  Transient  Performance  as  Determined  with  a 

Mathematical  Model 

In  addition  to  the  steady-state  calculations  discussed 

above,  a series  of  transient  simulations  have  also  been  carried 

out.  These  trajectories  are  superimposed  on  the  steady  state 

compressor  map  of  Figure  106  and  are  plotted  in  Figure  121.  The 

engine  component  performance  during  these  transients  is  shown  in 

Table  30.  Note  that  any  attempt  to  accelerate  the  engine  with 

the  35.88  in  or  32.00  in  turbine  nozzle  installed  results  in  an 

immediate  compressor  surge.  It  can  also  be  pointed  out  that 

accelerations  with  the  design  turbine  nozzle  installed,  i.e., 

2 

A5  = 43.74  in  , do  not  result  in  surged  operation  of  the  com- 
pressor. The  transient  calculations  were  carried  out  with  the 
fuel  flow  schedule  of  reference  103. 

C.  Design  and  Fabrication  of  the  Pressure  and  Temperature 
Instrumentation 

1.  Introduction 

The  primary  objective  of  the  test  program  is  the  evaluation 
is  achieved.  However,  wave  attenuation  occurs  as  a result  of 
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FIGURE  108b.  J-85  COMPRESSOR  PERFORMANCE.  70%  SPEED 
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COMPRESSOR  SPEED  LINE 
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FIGURE  109a.  J-85  COMPRESSOR  PERFORMANCE.  72.5%  SPEED 
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FIGURE  109b.  J-85  COMPRESSOR  PERFORMANCE.  72.5%  SPEED 
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EXIT  TURBINE  TEMPERATURE, 
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FIGURE  Ilia.  J-85  COMPRESSOR  PERFORMANCE.  77.5%  SPEED 
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CORRECTED  MASS  FLOW  RATE  AS  A FUNCTION 
OF  NOZZLE  AND  AFTERBURNER  AREA 
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FIGURE  111b.  J-85  COMPRESSOR  PERFORMANCE.  77.5%  SPEED 
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FIGURE  112a.  J-85  COMPRESSOR  PERFORMANCE.  80%  SPEED 
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FIGURE  112b.  J-85  COMPRESSOR  PERFORMANCE.  80%  SPEED 
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FIGURE  113a.  J-85  COMPRESSOR  PERFORMANCE.  82.5%  SPEED 
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FIGURE  113b.  J-85  COMPRESSOR  PERFORMANCE 
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FIGURE  114a.  J-85  COMPRESSOR  PERFORMANCE.  85%  SPEED 
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FIGURE  117a.  J-85  COMPRESSOR  PERFORMANCE.  92.5%  SPEED 
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of  compressor  performance  under  transient  conditions.  Compressor 
performance  will  be  monitored  with  temperature  and  pressure  mea- 
surements, and  thus,  the  temperature  and  pressure  probes  must 
have  dynamic  response  consistent  with  the  test  objectives  and  the 
acceleration/deceleration  capabilities  of  the  J-85  turbine  engine. 
The  use  of  an  engine  as  the  test  vehicle  rather  than  a compressor 
per  se  constrains  the  number,  location  and  probe  sizes.  The 
engine  vibration  field  also  dictates  probe  strength  requirements. 
All  in  all,  the  probe  design  and  fabrication  is  vital  to  the  pro- 
gram and  represents  a compromise  between  oftentimes  conflicting 
requirements.  These  topics  will  be  discussed  in  greater  depth 
in  the  following  sections. 

2.  Frequency  Response  for  the  Temperature  and  Pressure 

Measuring  Systems 

The  size,  space  and  temperature  limitations  within  the 
J-85  engine  are  such  that  the  pressure  transducers  must  be 
remotely  connected  to  the  pressure  measurement  point  via  a small 
tube.  If  the  tube  is  terminated  at  the  transducer  location, 
a resonant  system  results.  In  this  case,  a pressure  wave  enters 
the  tube  and  travels  to  the  transducer.  It  is  then  reflected 
back  toward  the  source  and  continues  to  oscillate  back  and  forth 
in  the  tube.  This  causes  a resonance  condition — often  called 
an  "organ  pipe"  resonance — with  a wave  length  equal  to  four  times 
the  connecting  length  for  negligible  end  volumes.  If  the  fre- 
quencies of  interest  are  well  below  the  resonant  frequencies 
then  acceptable  data  can  be  obtained  with  this  approach. 

Erroneous  amplitude  and  phase  measurements  will  result,  however, 
when  the  phenomenological  frequencies  approach  the  resonant 
frequency . 

The  resonant  condition  can  be  eliminated  by  providing  an 
infinite  tube.  The  technique  is  shown  schematically  in  Figure  122. 
If  the  tube  is  infinitely  long,  i.e.,  length  > > diameter,  then 
the  wave  cannot  be  reflected  forward  and  a nonresonant  condition 
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Figure  122.  Resonant  and  Nonresonant  Measuring  Systems. 
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viscous  effects  and  some  reflection  may  occur  since  the  tube  is, 
of  course,  of  finite  length.  In  the  latter  case,  the  total 
measurement  error  is  due  to  viscous  and  greatly  diminished  reso- 
nance effects. 

Guidelines  have  been  drawn  for  the  design  and  fabrication 

104,105  , 

of  nonresonant  pressure  measurement  systems.  In  general: 

1)  The  cross-sectional  area  at  all  points  in  the  system 
must  be  constant. 

2)  The  tube  internal  passage  must  be  smooth,  i.e., 
burrs , steps , sharp  edges  or  other  discontinuities 
can  create  standing  waves,  etc. 

3)  All  joints  must  be  leak  tight. 

Wilhelm  in  reference  104  carried  out  an  extensive  experi- 
mental evaluation  of  nonresonant  pressure  measuring  systems  with 
the  objective  of  determining  the  sensitivity  of  the  system  to 
the  above  guidelines.  He  made  the  following  observations: 

1)  The  response  flatness  was  marginally  improved  at  low 
frequencies  by  decreasing  the  tube  inside  diameter . 

2)  The  high  frequency  response  improved  as  the  connecting 
length  was  decreased. 

3)  Reflections  were  less  pronounced  in  the  low  frequency 
range  as  the  tube  length  was  increased. 

4)  Use  of  an  orifice  at  the  end  of  the  infinite  tube 
improved  the  low  frequency  response. 

5)  Internal  area  changes  introduced  by  various  transducer 
mountings  had  no  measurable  effect  on  the  amplitude 
frequency  response. 

6)  Rubber  and  stainless  steel  tubing  exhibited  the  same 
general  response  characteristics . 
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Furthermore  it  was  noted  that  for  all  configurations  having  a 
12"  mounting  length,  there  existed  a 550  hz  resonant  point.  This 
corresponded  to  an  open  organ  pipe  effect  wherein  the  resonant 
wave  length  is  equal  to  twice  the  mounting  length. 

As  a result  of  the  above  considerations  as  well  as  discussions 

106 

with  other  testing  organizations,  the  nonresonant  approach  was 
selected  for  the  pressure  measurements.  This  provided  the  ancillary 
advantage  of  placing  the  pressure  transducer  in  a location  remote 
to  the  sensing  point  and  where  it  could  be  maintained  at  a con- 
stant temperature . 


Two  techniques  were  considered  for  the  measurement  of  dynamic 
temperatures.  The  first  utilized  a hot  wire  anemometer  in  the 
constant  current  mode,  i.e.,  the  probe  resistance  is  determined 
and  this  cam  be  related  to  the  temperature  provided  the  gas 
velocity  is  constant.*8^  This  can  be  achieved  through  use  of  a 
sonic  nozzle,  i.e.,  the  probe  is  aspirated.  The  sensing  element 
is  located  just  upstream  of  the  throat  in  a constant  velocity 
region  as  shown  in  Figure  123.  The  time  constant  is  determined 
by  the  thermal  inertia  of  the  sensing  element,  i.e.. 


T 

C 


4h 


t 


where  p is  the  sensor  density. 


C the  sensor  specific  heat, 
P 


d the 


sensor  or  wire  diameter  and  h the  heat  transfer  coefficient.  The 
time  constant  typically  has  values  of  10  *-10  5 sec.108 


The  second  approach  utilized  a miniature  shielded  thermo- 
coupler. A sensor  of  this  type  is  shown  in  Figure  124.  This 
probe  brings  the  fluid  to  rest  adiabatically  near  the  thermo- 
couple junction.  The  probe  itself  is  susceptible  to  both  con- 
duction and  radiation  errors.  These  factors  reduce  the  measured 
temperature  , and 

^db  “ t(1  + rf  (181) 


298 


where  t is  the  measured  temperature , t the  static  temperature , 
adb 

r the  recovery  factor,  y the  ratio  of  specific  heats  and  M the 

Mach  number.  The  recovery  factor  can  be  further  defined  in  terms 
of  the  total  temperature,  T,  as 


The  shield  and  vent  hole  size  can  be  chosen  such  that  the  gas 
is  slowed  to  an  optimum  velocity,  i.e.,  the  heat  gain  by  the  thermo- 
couple junction  due  to  convection  is  just  balanced  by  the  heat  lost 
at  the  junction  due  to  thermal  conduction  down  the  probe  supports. 
The  shield  itself  will  prevent  radiant  heat  exchange  between  the 
junction  and  its  environment,  thus,  reducing  radiation  errors. 

Gorlin  and  Slezinger45  have  shown  that  the  optimum  velocity  is 
normally  achieved  when  the  outlet  orifice  or  vent  area  is  approx- 
imately 1/4  to  1/8  of  the  inlet  area.  The  recovery  factor  for  a 
probe  using  these  design  concepts  is  shown  in  Figure  125.  Note 
that  the  recovery  factor  is  reasonably  constant  over  the  velocity 
range  of  interest— 300  to  460  ft/sec.  Furthermore , the  measurements 
are  insensitive  to  yaw  angle  over  the  range  of  +10° . This  is  also 
true  of  the  pressure  probes.  Both  the  resistance  thermometer, 
i.e.,  hot  wire  anemometer,  and  the  miniature  thermocouple  must  be 
calibrated. 

. 109 

The  time  constant  for  the  thermocouple  is 


T 


C 


(183) 


where  m is  the  mass  of  the  sensing  element,  Cp  the  specific  heat, 

hfc  the  overall  heat  transfer  coefficient  and  A the  heat  transfer 

area.  Equation  (183)  can  be  rewritten  in  terms  of  the  thermocouple 
wire  diameter  d,  the  material  density,  p»  and  an  empirical  rela- 
tionship for  ht.  One  such  formula  has  been  given  by  Scadron  and 

no 

Warshawsky  and 
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Figure  125.  Recovery  Factors  for  the  Shielded  Thermocouple  Probe 
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T 

C 


(184) 


4.05  C d3/2[l  + (y-  1)M1 2/2]1/4 

E 


(T) 


0.18 


where  T is  the  time  constant,  p the  average  density  of  the 
thermocouple  materials,  the  average  specific  heat  of  the  two 


thermocouple  materials  , d the  wire  diameter,  T the  total  tem- 
perature, p the  static  pressure  and  M the  Mach  number.  The  above 
relationship  is  valid  for  Mach  numbers  of  from  0.1  to  0.9  and 
a Reynolds  number  from  250  to  30,000.  Equation  (184)  is  shown 
in  Figure  126  for  the  J-85  design  point  conditions.  Note  that  the 
response  times  are  relatively  insensitive  to  Mach  number  for  wire 
diameters  of  from  0.001  to  0.003  in.  This  figure  indicates  that 
a time  constant  of  approximately  0.002  sec  can  be  achieved  for 
wire  diameters  of  0.001  in. 


The  time  constants  and,  thus,  the  frequency  response  for 
the  two  temperature  measurement  systems  are  comparable  when  com- 
plexity is  considered.  Since  the  miniature  thermocouple  is  more 
straightforward  than  the  resistance  temperature  technique,  it 
was  employed  in  the  subsequent  design. 


3.  Probe  Design 

The  location  of  the  probes  within  the  engine  is  constrained 
by  the  access  port  locations,  the  annulus  size,  and  the  combustor 
and  strut  locations.  The  overall  instrumentation  location  rela- 
tive to  the  outlet  guide  vanes,  combustor  diffuser  and  combustor 
cans  is  shown  in  Figure  127.  Four  radial  and  four  circumferential 
locations  were  used.  The  radial  stations  were  selected  on  the 
basis  of  equal  area.  Ten  measurements  will  be  made  at  each  cir- 
cumferential location: 

1)  Five  total  pressures  located  at  five  circumferential 
locations.  This  spans  two  blade  passages  and  should 

yield  an  accurate  representation  of  the  inviscid  and 
viscous  flow  fields. 
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2)  Three  total  temperatures  located  at  three  radial 
positions.  The  temperature  field  should  be  circum- 
ferentially uniform  or  well  mixed,  and,  thus,  only 
one  is  required. 

3)  A five-ported  cone  probe.  This  will  be  used  to  measure 
the  flow  angles  in  both  the  circumferential  and  radial 
direction.  The  flow  should  be  nominally  axial  at  the 
design  point;  however,  the  flow  angle  may  vary  slightly 
with  off-design  conditions.  If  warranted , the  rake 
assemblies  can  be  rotated  to  account  for  flow  angle 
variations . 

4)  A static  pressure  tap  located  in  the  access  cap. 

The  locations  were  changed  from  circumferential  station  to  station 
so  that  all  20  locations  were  sampled. 

The  axial  location  of  the  probes  was  constrained  by  two 
factors : 


1)  The  outlet  guide  vane  generated  wakes. 

2)  The  diffusing  flow  passage  upstream  of  the  combustor. 

The  former  creates  a circumferential  flow  non-uniformity  while  the 
latter  yields  a radial  shift  of  streamlines.  A far  forward  posi- 
tion is,  thus,  unacceptable  as  is  a far  aft  location.  As  a result, 
the  sensing  location  was  positioned  one  chord  length  downstream 
of  the  outlet  guide  vanes.  The  preliminary  design  drawing  for 
circumferential  location  1 is  shown  in  Figures  128  and  129. 

All  pressure  sensing  lines  were  the  same  length  in  the  final  design 
and  maintained  a uniform  frequency  response  of  approximately 
1000  hz.  Circumferential  locations  2,  3 and  4 were  similar  to 
location  1 though  not  identical. 


The  four  probe  configurations  for  each  circumferential  location 
were  originally  designed  to  be  reasonably  similar.  This  was  based 
on  the  premise  that  the  engine  accessory  package  located  in  the 
near  vicinity  of  the  lower  access  ports  would  be  removed  with  its 
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FIGURE  129.  TRANSDUCER  MOUNTING  BLOCK 


functions  supplied  by  stand-alone  systems . A re-evaluation 
of  this  premise  indicated  that  a redesign  of  the  probes  would 
create  less  difficulties  than  removing  or  remodelling  the  accessory 
drive  elements.  As  a consequence,  the  lower  two  rake  assemblies, 
positions  C3  and  C4  were  extensively  redesigned.  The  recon- 
figured elements  are  shown  in  Figure  130. 

4.  Fabricated  Probes 

The  fabricated  probes  are  shown  in  Figure  131  through 
Figure  136.  The  units  were  evaluated  for  structural  integrity 
under  simulated  engine  environments  and  proved  to  be  satis- 
factory . 

D.  Aerodynamic  Analysis  of  the  Bellmouth  Flow  Measuring  System 

All  transient  mass  flow  rate  measurements  in  the  J-85  test  program 
are  to  be  made  with  calibrated  bellmouth  located  at  the  engine  inlet. 

In  an  effort  to  insure  maximum  measurement  accuracy,  the  bellmouth 
assembly,  i.e.,  bellmouth  and  entrance  section,  underwent  calibration 
at  the  Air  Force  Arnold  Engineering  Development  Center  at  Tullahoma, 
Tennessee.  The  flow  element  is  shown  schematically  in  Figure  137. 

Initial  experimental  investigations  were  plagued  with  measurement 
accuracy  problems  due  principally  to  the  low  values  of  dynamic  head 
and,  thus,  pressure  differences.  The  measurement  uncertainty  was 
reflected  in  the  calculated  discharge  coefficient  and/or  configuration 
coefficient  values  which  generally  exceeded  one.  The  data  scatter  also 
tended  to  increase  at  the  lower  flow  rates— again  probably  due  to  the 
decreased  pressure  differences.  The  bellmouth  aero thermodynamic  para- 
meters are  given  in  Table  31.  Note  that  all  the  calibration  data  presen- 
ted is  for  steady-state  conditions. 

In  an  effort  to  estimate  the  effects  of  entrance  condition,  tur- 
bulence level  and  Reynolds  number  on  discharge  coefficients,  the  bell- 
mouth system  of  Figure  137  was  analysed  using  the  viscous-inviscid 
mathematical  model  of  Section  III.  The  calculations  were  initiated  at 
the  screen  location  by  assuming  a sero  thickness  laminar  boundary  layer 
and  a uniform  core  flew. 
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Figure  137.  Bellmouth  Assembly 


TABLE  31 


BELLMOUTH  AEROTHERMODYNAMIC  PARAMETERS 
STEADY-STATE  VALUES 


Case 

M. 

l 

M 

t 

Re  xlOb 
t 

°R 

lbf/in 

lb  /sec 
m 

d 

me  a 

1 

0.1158 

0.4427 

8.687 

523.5 

7.356 

22.80 

1.002 

2 

0. 1103 

0. 3986 

8.  303 

527.2 

7.408 

21.82 

1.003 

3 

0.1012 

0.3599 

7.746 

528.4 

7.504 

20.28 

1.006 

4 

0.0913 

0. 3199 

7.086 

529.2 

7.577 

18.47 

1.012 

5 

0.0766 

0.2638 

6.093 

530.2 

7.718 

15.80 

1.020 

6 

0. 0709 

0.2426 

5.673 

530.9 

7.761 

14.70 

1.016 

7 

0.0631 

0.2145 

5.097 

531.5 

7.816 

13.18 

1.022 

8 

0.0583 

0.1974 

4.730 

531.8 

7.843 

12.22 

1.043 

9 

0.0521 

0.1757 

4.252 

532.2 

7.880 

10.98 

1.018 

10 

0.0627 

0.2131 

5.060 

532.1 

7.819 

13.10 

1.016 

11 

0.0705 

0.2413 

5.640 

531.8 

7.770 

14.63 

1.012 

12 

0.0772 

0.2657 

6.112 

531.4 

7.713 

15.88 

1.010 

13 

0.0839 

0.2911 

6.548 

531.0 

7.661 

17.15 

1.016 

14 

0.0889 

0.3106 

6.921 

530.5 

7.611 

18.06 

1.014 

15 

0.0992 

0.3517 

7.597 

529.7 

7.521 

19.90 

1.011 

16 

0. 1064 

0.3817 

8.039 

529.3 

7.453 

21.14 

1.005 

17 

0.1156 

0.4221 

8.588 

527.7 

7.356 

22.68 

1.003 

18 

0.0523 

0.1765 

4.273 

531.8 

7.878 

11.02 

1.028 

19 

0.0608 

0.2063 

4.914 

532.4 

7.832 

12.72 

1.035 

20 

0.0678 

0.2312 

5.417 

533.3 

7.786 

14.07 

1.012 
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The  results  of  the  computations  are  plotted  in  Figure  138.  The 
major  difference  in  the  two  conditions,  i.e.f  Tu  = 0.5%  and  1.0%, 
was  the  result  of  boundary  layer  development.  When  the  throat  Reynolds 
number  is  less  than  about  6 x 105  and  the  turbulence  level  is  less  than 
0.5%,  the  boundary  layer  remains  laminar  throughout  the  flow  system — 
entrance  region  and  bellmouth.  The  boundary  layer  will  approach 
transition  in  the  constant  diameter  section;  however,  the  rapidly 
accelerated  flow  field  in  the  bellmouth  suppresses  any  tendency  towards 
transition.  On  the  other  hand,  if  transition  occurs  in  the  entrance 
section,  then  the  boundary  layer  will  remain  turbulent  through  the  bell- 
mouth. 


The  two  curves  of  Figure  138  are  typical  of  discharge  coefficients 
for  a range  of  turbulence  levels.  For  example,  the  upper  curve  is 
qualitatively  similar  for  all  values  0 <_  Tu  0.5%  and  the  lower  curve 
typifies  results  for  1%  Tu  5%.  It  should  be  pointed  out  that  turbu- 
lence levels  in  the  actual  facility  are  probably  from  2-5%^1  and,  thus, 
discharge  coefficient  values  of  0.992-0.993  might  be  expected. 

The  measured  and  calculated  values  of  discharge  coefficients  are 
plotted  in  Figure  139.  The  increased  data  scatter  at  the  lower  Rey- 
nolds numbers  is  clearly  discernible.  An  ASME  nozzle  discharge  coefficient 
is  also  included  for  comparison  purposes.  This  relationship  has  been 
obtained  from  reference  52  and  does  not  specifically  relate  to  the 
given  geometry.  The  difference  between  the  two  discharge  coefficients 
is  indicative  of  the  effects  of  bellmouth  geometry. 

E.  Data  Processing  and  Analysis  Program 

1.  Data  Analysis  Variables 

The  reduction  and  analysis  of  the  pressure,  temperature  and 
flow  direction  data  from  the  circumferentially  mounted  probes  will 
be  carried  out  using  a computer  program.  The  basic  variables  to 
be  processed  in  this  program  are  listed  in  Table  32.  The  measurements 


TABLE  32 


DATA  ANALYSIS  VARIABLES 


Variable 


Number  of  Measurements 


Data  Identification: 

Time,  Day /Month/Year , Specific  Comments  1 

Time  1 

Speed/Period  1 

Dew  Point  Temperature  1 

Venturi  Temperature  4 

Venturi  Pressure  8 

Bellmouth  Temperature  16 

Bellmouth  Pressures:  Steady-State  40 

Bellmouth  Pressures:  Transient  20 

Compressor  Rotor/Case  Clearance  12 

Compressor  Exit  Temperature  12 

Compressor  Exit  Pressure:  Steady-State  from 

Directional  Probes  32 

Compressor  Exit  Pressure:  Steady-State  40 

Compressor  Exit  Pressure:  Transient  24 

Bleed  Door  Temperatures  3 

Bleed  Door  Pressures  6 

Venturi  Area  1 

Venturi  Discharge  Coefficient  1 

Bellmouth  Area  1 

Bellmouth  Discharge  Coefficient  1 

Stall  Indicator 

Wall  Static  Pressure  8 

Differential  Pressure  1 

Fuel  Pump  Speed  1 

Stall  Sensor  1 

Bleed  Door  Position  2 

IGV  Position  1 

Fuel  Valve  Position  1 
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in  general  consist  of  both  steady-state  and  dynamic  temperatures 
and  pressures.  Compressor  rotor-case  clearance  as  well  as  the 
exit  flow  angle  will  also  be  measured. 


As  much  redundancy  as  possible  is  being  incorporated 

in  the  experiment.  During  steady-state  operation,  three  separate 

mass  flow  rates  will  be  measured.  The  principal  measurement 

58 

will  be  made  with  calibrated,  universal  venturi.  Mass  flow 
measurements  will  also  be  obtained  with  the  calibrated  bellmouth 
of  Section  V.D.  Furthermore,  the  total  and  static  pressures  and 
temperatures  measured  at  the  conqpressor  exit  plane  will  be  converted 
into  velocities  from  whence  a mass  flow  rate  can  be  determined. 


The  bulk  of  the  pressure  measurements,  i.e.,  all  steady- 

112 

state  measurements,  will  be  made  with  four  Scani-valves . 

The  channel  number,  valve  number  and  variable  are  listed  in 
Table  33.  In  Table  33,  BMP  denotes  bellmouth  pressure,  CDP 
denotes  compressor  discharge,  S denotes  static,  T - total,  W - 
wall,  R - rake,  C - cobra  and/or  directional  probe,  VENT  denotes 
vent  and  BDP  denotes  bleed  door  pressure.  With  the  aforementioned 
symbol  convention,  BMPSW11  denotes  the  bellmouth  static  pressure 
at  the  wall  - location  11,  CDPTR34  denotes  the  compressor  dis- 
charge total  pressure  for  rake  3 radial  position  4,  etc. 

2.  Fluid  Properties 

The  fluid  flowing  through  the  compressor  is  assumed  to  be 
an  inviscid,  thermal ly-per feet  gas  consisting  of  a mixture  of 
atmospheric  air  and  saturated  water  vapor.  The  gas  properties 
are  thus  dependent  on  the  amount  of  water  vapor  present.  This 
can  be  related  to  the  dew  point  temperature  by  means  of 


Pv  “ 3203.583  exp 


11.651  - (t.  /100)  8 

dp  w- 


(t.  /100) 
dp 


I ^(6.087- jSE) 


TABLE  33 


I 


SCANIVALVE  CHANNEL  AND  PRESSURE  DESIGNATION 


Valve  1 

Valve  2 

Valve  3 

Valve  4 

2 

15  lbf/in  absolute 

100  lb f /in 2 

gage 

Low  Pressures  Hi' 

gh  Pressures 

Low  Pressures 

Hie 

jh  Pressures 

Channel 

2 

2 

2 

1 

2 

15  lb^/in  abs  15 
Atmospheric  1 

lb^/in  abs 
lb  /in  gage 
BMPTR10 

Vacuuoj 

85  lbf/in  gage 

lb 

85 

lb^/in^  abs 
lb^/in  gage 

3 

BMPSR10 

CDPTR11 

CDPSl 

4 

BMPSW11 

BMPTR11 

CDPTR12 

CDPS1 

5 

BMPSW12 

BMPTR12 

CDPTR13 

CDPSl 

6 

BMPSW13 

BMPTR13 

CDPTR14 

CDPSl 

7 

BMPSW14 

BMPTR14 

CDPTR15 

CDPSl 

8 

BMPSR20 

BMPTR20 

CDPTR21 

CDPS2 

9 

BMPSW21 

BMPTR21 

CDPTR22 

CDPS2 

10 

BMPSW22 

BMPTR22 

CDPTR23 

CDPS2 

11 

BMPSW23 

BMPTR23 

CDPTR24 

CDPS2 

12 

BMPSW24 

BMPTR24 

CDPTR25 

CDPS2 

13 

BMPSR30 

BMPTR30 

CDPTR31 

CDPS3 

14 

BMPSW31 

BMPTR31 

CDPTR32 

CDPS3 

15 

BMPSW32 

BMPTR32 

CDPTR33 

CDPS3 

16 

BMPSW33 

BMPTR33 

CDPTR34 

CDPS3 

17 

BMPSW34 

BMPTR34 

CDPTR35 

CDPS3 

18 

BMPSR40 

BMPTR40 

CDPTR41 

CDPS4 

19 

BMPSW41 

BMPTR41 

CDPTR42 

CDPS4 

20 

BMPSW42 

BMPTR42 

CDPTR43 

CDPS4 

21 

BMPSW43 

BMPTR43 

CDPTR44 

CDPS4 

22 

BMPSW44 

BMPTR44 

CDPTR45 

CDPS4 

23 

VENTP11 

VENTP21 

CDPTC10 

CDPSC11 

24 

VENTP12 

VENTP22 

CDPTC10 

CDPSC12 

25 

VENTP13 

VENTP23 

CDPTC10 

CDPSC13 

26 

VENTP14 

VENTP24 

CDPTC10 

CDPSC14 

27 

CDPTC20 

CDPSC21 

28 

CDPTC20 

CDPSC22 

29 

CDPTC20 

CDPSC23 

30 

CDPTC20 

CDPSC24 

31 

CDPTC30 

CDPSC31 

32 

CDPTC30 

CDPSC32 

33 

CDPTC30 

CDPSC33 

34 

CDPTC30 

CDPSC34 

35 

CDPTC40 

CDPSC41 

36 

CDPTC40 

CDPSC42 

37 

CDPTC40 

CDPSC43 

38 

CDPTC40 

CDPSC44 

39 

8DPTK1 

BDPS1 

40 

BDPTK2 

BDPS2 

41 

BDPTK3 

BDPS3 

42 

43 

44 

45 

46 

47 

48  Rough  Vacuum  Rough  Vacuum  Rough  Vacuum  Rough  Vacuum 

•Symbol  definition  is  contained  in  the  LIST  OF  SYMBOLS. 
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where 


-7.419242 


1.042236  x 10 


-4 


-1.651167  x 10 


-1 


2.328538  x 10 


-4 


f3  = -3.565700  x 10 


-2 


f4  = -1.489306  X 10 


-3 


7.411036  x 10 


-5 


f8  = 


8.524197  x 10 


-6 


following  Keenan  et.al.,  reference  113.  pv  denotes  the  partial 
pressure  of  water  vapor  and  t^  the  dew  point  temperature.  The 
partial  pressure  of  air  can  be  determined  from  pv  and  the  atmos- 
pheric pressure,  p . , from 
amD 


Pair  Pamb  Pv 


p . and  p can  be  used  to  find  the  mass  of  each  constituent 
air  v 

per  unit  volume  and 


_ 144pair 
“air  Raairtamb 


144o, 


V R t 

v amb 


ft- lb,  ft-lb, 

where  R . - 53.37279  — jr-  and  R = 85.76068  — — 

air  lb  - °R  v lb  - °R 


m 


m 


with 


m 


air 


air  “air  + mv 


(186) 


where  ®a^r  end  my  denote  the  air  and  vapor  mass  respectively. 


The  fluid  density  earn  now  be  written  in  terms  of  fft^r , the 


fraction  of  gas  by  mass  that  is  dry  air,  and 


144j 

Rt 


(187) 
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where  R = R . f . + R (1  - f ,_)• 

air  air  v air 


The  specific  heat  of  the  air-water  vapor  mixture  can  be 
determined  from 


C = J*g. (t/1000) 
P i 


i-1 


i=l 


with  g.  = (9air  )«air+  <Vi(1  - ‘air 


f . ) . The  coefficients 


(g  . ) and  (g  ) . refer  to  air  and  vapor  and  are  defined  as 
’air  . ’v  1 

i 


g . = 2.5037964  x 10 

air^ 

g . = -8.081282  x 10 

air2 

g . = 2. 312209  x 10* 

air3 

g . = -3.416092  x 10 

air4 

g . = 2.749713  x 10_ 

air. 


-2 


-1 


g . = -8.554894  x 10 

air6 


-2 


g - 4.348329  x 10 
V1 

g = 1.098044  x 10 
V2 

g = -5.229262  x 10 


-1 


-1 


-1 


g = 1.018212 
V4 

g = -7.923652  x 10 
V5 


-1 


g = 2.272448  x 10 
V6 


-1 


following  reference  114. 


The  enthalpy,  Htl»  can  now  be  defined  in  terms  of  the 
coefficients  g^  and 


tl 


r 6 9i  t i 

/ cpat  ■ 1000  r 1 iooo> 

J X 1=1 


The  first  law  of  thermodynamics  can  be  written  as 


dH  = tds  + dp/pJ 
tl 


(188) 


(189) 
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which  reduces  to 


c dt  _ R d£ 

P t J p 

for  an  isentropic  process.  This  can  be  integrated  between  the 
limits  t^f  t2  and  p^,  P2  yielding 


J 

R 


In 


't2/iooo\ 

q/iooo  J 


i=2 


(190) 


where  J denotes  the  mechanical  equivalent  of  heat  and  R the  gas 
constant . 


3.  Mach  Number  and  Velocity  Calculation 

The  velocity  and  Mach  number  can  be  determined  from  the 
fluid  property  relations  of  the  previous  section  and  Bernoulli's 
equations.  It  is  presumed  that  the  total  pressure,  P,  the  static 
pressure,  p,  and  the  total  temperature , T,  are  specified.  The 
static  temperature  can  be  obtained  by  solving  the  isentropic 
pressure  ratio  relation  iteratively,  i.e.,  Pj/p^  = P/P  and  thus 

t2/t^  = t/T.  The  static  and  total  enthalpies  can  be  obtained  and 


0 - |/*>=J<Bti , - Hu  > 11911 

y tl  st 

where  H denotes  the  enthalpy  corresponding  to  T and  H . 

fcltl  st 

corresponds  to  t. 
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The  Mach  number  is  the  ratio  of  the  velocity,  U,  to  the 
sonic  velocity,  a,  and 


a = / g YRt 
c 


where  Y is  the  ratio  of  specific  heats  and 


C - R/J 
P 


4 Five-Ported  Cone  Probe 


The  flow  angles  as  well  as  intra-passage  total  and  static 
pressures  will  be  measured  with  a five-ported  cone  probe.  The 
sensor  is  shown  in  Figure  140.  The  total  pressure  port  is 
designated  with  a 1 while  the  side  ports  are  numbered  from  2 

through  5.  The  radial  and  azimuthal  flow  angles  are  denoted  as 

* 

a and  $ with  the  included  angle  being  Y • The  total  angle  can 
be  related  to  a and  0 via 


* —i|/  2 2 

Y = tan  1/  tan  a + tan  0 


The  side-port  pressure  differences  can  be  related  to  a and 
0 by  means  of  the  calibration  functions  <J>^(  a)  and  <J>2(0),  i.e.. 


P2  - P3 


P1  -P3 


* = *!<“> 


P4  * P5 


* - VM 


P1  • ps 


where  p^  denotes  an  effective  static  pressure  and  is 

(p2  + P3  + P4  + P^)/4.  The  actual  total  and  static  pressures 

* 

cam  be  correlated  with  the  angle  Y and 
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(197) 


* 


VY*> 


(198) 


The  flow  angles  and  total  and  static  pressures  are  deter- 
mined by  measuring  p^»  P3»  P4  and  P5  and  inverting  the 

calibration  functions  through  . 


5.  Recovery  Factors  for  Thermocouple  Probes 

As  noted  in  a previous  section,  thermocouple  probes  imnersed 
in  gas  or  liquid  streams  may  attain  thermal  equilibrium  at  a 
uerrperature  differing  with  that  of  the  gas  itself.  At  low  air- 
stream  velocities,  this  temperature  difference  may  be  due  to 
convection,  conduction  and/or  radiation  heat  transfer  between 
the  thermocouple,  gas  stream  and  the  external  surroundings. 

For  high  Mach  number  gas  flows,  aerodynamic  heating  also  comes 
into  play  and  the  indicated  temperature  must  be  corrected  for 
this  effect. 

When  negligible  heat  transfer  to  and  from  the  external 
environment  is  presumed,  i.e.,  aerodynamic  heating  only,  the 
adiabatic  temperature  can  be  related  to  the  recovery  factor  r^ 

63 

as 


where  t „ denotes  the  adiabatic  temperature  with  T and  t spec- 
aao 

ifying  the  total  and  static  temperature  respectively.  The  recovery 

ratio  r is  similar  and 
r 


r 

r 


T 


(200) 
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r 

where  both  rf  and  are  functions  of  Mach  number,  flow  angle,  gas 
properties  and  probe  geometry.  Both  r ^ and  r^  are  determined  by 
calibration  with  the  above  noted  factors  considered. 

| Following  reference  115,  the  recovery  ratio  can  be  written 

in  terms  of  calibration  functions  4>^2^  (P/P  _)  , 

ret 

(T/Tref)  and  <f^4*  (B)  as 


■,0’ 

= <f>  (1)(M) 

(201) 

4 

r <2> 
r 

= r (1)  - (1  - 
r 

rr(1),^(2> 

CP/Pref) 

(202) 

r {3) 
r 

« rr(2>  - (1  - 

rr(2))4>(3) 

(T/Tref) 

(203) 

r 

r 

= r (3)  - (1  - 
r 

rr(3)>*(4) 

(B) 

(204) 

where  4>  ^ (M)  and  4>^4*  (B)  are  given  in  Figures  141  and  142. 

4> (2)  (P/Pref)  and  <f>  ^ (T/Tref)  can  536  aPProx^inated  as 

i i 

4>(2)(P/Pref)  " (P/Pref)"°‘8  " 1 (205) 

and 

<J> (3)  (TAref ) “ (TAref)"°*3  - 1 (206) 

The  determination  of  the  adiabatic  temperatures  and  Mach 
numbers  is  iterative  in  that  the  Mach  number  computation  is 
dependent  on  the  temperature  and  vice  versa.  This  calculation  is 
initiated  by  assuming  that  the  indicated  and  adiabatic  temperatures 
are  the  same  and  then  computing  the  Mach  number  by  means  of 
’ Section  V.E.3.  With  this  Mach  number  value,  the  recovery  ratios 

I 
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J 


are  determined  and  an  adiabatic  temperature  computed.  This  pro- 
cess is  continued  until  successive  temperature  values  agree  to 
within  prescribed  limits. 

6.  Mass  - Averaging 

Compressor  temperature  ratios,  pressure  ratios,  efficiencies, 
mass  flow  rates,  etc.,  are  computed  using  mass-averaged  proper- 
ties. Mathematically  these  are  defined  as 

^ pU4>rdrd0 

<4>>  = (207) 

//  pUrdrd0 
A 

where  the  area  of  integration  may  consist  of  a complete  circle 
or  an  annulus.  Note  that  <$>  denotes  an  arbitrary  property. 

Since  only  point  measurements  are  made,  the  integration 

process  must  be  carried  out  numerically  for  a series  of  angular 

and  radial  locations.  The  integral  //  $dA  can  be  written  as  a 

A 

double  summation  and 

/ / <J>dA  = J-  £ <J>  ijAij  (208) 


where 


A. . - Ar . A9 ,/16 
ij  i j 


(209) 


with 


Ar. 


ri+l  + 2ri(ri+l 


' ri-l}  ' ri-l 


1 < i < 1 


and 
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Arl  = r22  + 2r2ri  ' 3rl2 


= 3ri2  ' 2riri-l  - ri-l2 


(210) 


r 


* 


4 


1 


Furthermore , 


fi9j ' Vi 


Vl 


1 < j < J 


and 


A0i  = e2-  0, 


*j-ej  ‘ 9j-i 


(211) 


r . denotes  the  radial  location  and  6 . the  circumferential  lo- 
i 3 

cation.  This  is  shown  schematically  in  Figure  143. 

7.  Effective  Wall  Velocity 

The  boundary  layers  in  turbomachines  are  normally  turbulent 
and  the  velocity  distribution  can  be  approximated  as 


where  U and  denote  the  velocity  and  free-stream  velocity 

respectively,  y the  distance  from  the  wall,  6 the  boundary  layer 
thickness,  and  n the  profile  exponent  which  is  a function  of 
Reynolds  number. 

In  the  mass-averaging  process  of  the  preceeding  section,  the 
velocity  in  the  vicinity  of  the  wall  must  be  included  in  the  com- 
putations. Since  the  nearest  measurement  point  may  be  well 
removed  from  the  wall,  considerable  inaccuracy  may 
result  from  assuming  a linear  velocity  distribution,  i.e., 
velocities  varying  from  a measured  value  at  the  outermost  radial 
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position  to  zero  at  the  wall.  This  uncertainty  can  be  mini- 
mized by  defining  an  effective  or  wall  slip  velocity. 

The  wall  velocity  can  be  defined  from  the  integral 
condition 


7Uwlrdr  = f Urdr  - f u»  < $ > 

rB-S  Jr0-6 


rdr  (213) 


which  yields 


n+2 

_<V.r  J_ 

2 


where  n is  a function  of  Reynolds  number  and  can  be  obtained 


from  reference  116. 


8.  Program  Structure 

A flow  chart  for  a program  embodying  the  previously  described 
calculations  is  shown  in  Figure  144.  The  venturi,  inlet  and  exit 
conditions  are  analyzed  in  sequence.  The  data  is  then  either 
printed  out  or  plotted. 

The  generation  of  the  plots  is  carried  out  in  two  steps. 
First  the  isopleths  are  generated.  A second  series  of  subroutines 
"reads"  the  generated  data  and  reorders  the  data  in  a form  consis- 
tent with  the  circumferential  and  radial  locations  shown  in 
Figures  145  and  146.  Maximum  and  minimum  values  are  then  found 
and  the  data  is  rescaled  to  correspond  to  the  physical  size  of  the 
plots.  Following  this,  linear  interpolation  or  extrapolation  is 
used  to  locate  the  isopleth  value  along  a measuring  station 
coordinate  position. 
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Figure  145.  Typical  Test  Data  Plot.  Polar  Coordinates. 
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Figure  146.  Typical  Test  Data  Plot.  Annular  Polar  Coordinates. 
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Once  this  step  is  completed,  the  grid  system  is  plotted. 

Using  the  point  isopleth  values,  spline  coefficients  are  determined 
and  the  isopleth  curves  formulated.  These  values  are  again  scaled 
to  be  consistent  with  the  plot  physical  size.  Following  this  step, 
the  isopleths  are  plotted  on  the  previously  developed  coordinate 
system.  Provisions  are  made  to  transfer  the  test  identification 
data  to  the  plots  to  permit  ready  coordination  of  the  printed  and 
plotted  results.  Flow  charts  and  a source  deck  listing  are 
presented  in  reference  117. 

F.  Summary 

Transiently  induced  compressor  stalls  are  currently  plaguing  a 
number  of  operational  turbine  engines.  In  an  effort  to  quantify  the 
effects  of  engine  accelerations  and  decelerations  on  compressor  per- 
formances, an  experimental  evaluation  of  compressor  transient  perfor- 
mance is  being  carried  out  using  a J-85  engine. 

The  compressor  can  be  operated  over  a broad  range  of  variables 
by  varying  the  following: 

1)  Exhaust  nozzle  area 

2)  First  stage  turbine  nozzle  area 

3)  Engine  inlet  and  exhaust  pressures 

4 ) Compressor  in-or-out  bleeding 

The  first  three  of  the  above  variables  have  been  systematically  altered 
and  engine  and  compressor  performance  determined  using  a mathematical 
model  of  the  J-85  engine.  Transient  compressor  trajectories  have  also 
been  computed.  This  information  will  be  used  to  guide  the  test  program. 

Compressor  performance  will  be  monitored  with  total  temperature, 
total  pressure,  static  pressure  and  flow  direction  sensors.  These 
elements  have  been  designed  with  adequate  frequency  response  to  detect 
transiently  induced  performance  changes.  All  probes  have  been  found 
to  be  structurally  able  to  withstand  the  turbine  engine  environment 
and  are  currently  installed  in  the  test  engine. 

The  test  data  will  be  reduced  and  analyzed  digitally  using  a 
•cries  of  computer  programs.  These  programs  including  generalized 
i lotting  routines  have  been  formulated  for  use  in  the  test  program. 
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